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Abstract Bending beams and slabs are typical

examples for structural elements used for reinforced

concrete structures such as bridge girders, T-beams

and bridge decks. Their strength related failure modes

at maximum loading can be divided into bending and

shear failure. The failure of beams loaded in bending

can occur with or without indication. Therefore,

conventional design concepts aim on failure modes

with sufficient indication (e.g. large deflections or

cracks), as it occurs in the case of secondary flexural

compression failure. These indicating factors can also

be used for Structural Health Monitoring (SHM) of

civil infrastructure systems (e.g. bridges) to identify

structural changes. In this context, non-destructive

testing (NDT) methods offer different techniques for

measuring deflections or crack formation and opening.

However, profound knowledge on the determining

failure modes of bending beams and their detection by

NDT methods is required for the reliable application

of SHM. Different NDT methods have been used in

this study for analysing the load-bearing behaviour of

a reinforced concrete beam in bending. The different

measuring techniques are briefly described and their

applicability is discussed by means of experimental

results. For this purpose, the load-bearing behaviour of

a reinforced concrete beam having a span of 2.75 m

was investigated in a four-point bending flexural test at

laboratory scale. The focus is on the characterization

of determining failure modes by optical NDT and the

comparison with classical measuring techniques (e.g.

deformation measurements by displacement transduc-

ers). The bending beam was equipped with two single-

mode (SM) sensor fibres. One fibre served as

Distributed Optical Fibre Sensor (DOFS), whereas

the other fibre contained Fibre Bragg Grating (FBG)

sensors. In addition, optical deformation measure-

ments using Digital Image Correlation (DIC) and

Stereophotogrammetry (SP) were conducted.

Keywords Concrete beam � Bending �Digital image

correlation � Stereophotogrammetry � Distributed fibre
optic sensor � Fibre bragg grating

1 Introduction

A detailed analysis of bridges in the German trunk

road network reveals that in 2016 the condition of

about 55 % of the 39 000 bridges can be classified as

‘very good’, ‘good’ or ‘satisfactory’ [1]. However, the

remaining 45 % are classified as ‘sufficient’ (33 %),

‘poor’ (11 %) and ‘deficient’ (1 %). Depending on

their condition, repair measures have to be performed

in the near future or on short-term in the case of

‘sufficient’ and ‘poor’ condition, respectively [2].

G. Hüsken (&) � S. Pirskawetz � D. Hofmann �
F. Basedau � K.-P. Gründer � D. Kadoke
Bundesanstalt für Materialforschung und -prüfung
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Extensive repair measures or new construction of the

bridge is necessary if the condition is classified as

‘deficient’. However, the decision-making process in

terms of repair or reconstruction of the damaged

structure requires detailed information on the remain-

ing static and dynamic load-bearing behaviour of the

bridge and their condition. For this purpose, Structural

Health Monitoring (SHM) is a useful tool for evalu-

ating the condition of bridges or other structural

elements exposed to bending loads.

Relevant loads leading to the degradation of bridges

are caused by combinations of mechanical, thermal,

hygric and chemical influences. Therefore, various

systems and sensors are available for monitoring the

condition of engineering structures and which allow

the monitoring of the structural behaviour, corrosion

behaviour of the reinforcement and relevant concrete

parameters such as temperature, water content, pH

value, chloride content, carbonation, etc. Essential

information on changes in the structural behaviour can

be obtained by measuring deformations of structural

elements – both length changes and deflections – crack

widths and accelerations [3, 4].

Length changes or deformations of structural

elements are usually measured by Linear Variable

Differential Transformers (LVDTs), extensometers or

strain gauges. These sensors allow a precise but

discreet measurement of deformations in a very

defined and usually small area. Information on the

overall load-bearing behaviour of an entire beam

cannot be obtained by these classical measuring

techniques. However, if this information is needed,

fibre optic sensors or photogrammetric measuring

methods must be used. The successful application of

these systems for testing reinforced concrete is

reported manifold in literature for fibre optic sensors

[5–20] and photogrammetric measuring methods

[21–23], respectively.

The most valuable and promising application in

SHM is the use of Distributed Optical Fibre Sensors

(DOFS) as these sensors allow for continuous mea-

surements in different directions of structural mem-

bers. This way, the global behaviour can be monitored

with reasonable accuracy. Laboratory investigations

comprise the application of DOFS in tensile tests on

isolated reinforcing bars [13], on reinforcing bars

embedded in concrete [13, 15, 17, 18], sensor fibres

applied on the concrete surface [13, 16, 17] or

embedded in the concrete [19]. Furthermore, a

comprehensive overview on the use of fibre optic

sensors, both distributed fibre optic strain measure-

ments as well as discrete systems, is presented by

Regier and Hoult [9] for load tests conducted on a

reinforced concrete bridge. The experimental investi-

gations conducted by Brault and Hoult [15, 16] as well

as Poldon et al. [18] are combined with Digital Image

Correlation (DIC), which allows the measurement of

crack width on the concrete surface. However,

profound knowledge on the determining failure modes

and their characterization by different measuring

systems is required for an appropriate interpretation

of the measured data in terms of SHM. This implies

also the combination and synchronization of different

systems such as optical and acoustic measuring

techniques.

The required techniques and methods for condition

analysis and condition monitoring of bridges were

investigated by using a bridge demonstrator that was

built as reference structure. The bridge demonstrator is

a two-span beam with a span of 12 m in each segment

and was tested using both destructive and non-

destructive measuring techniques. In preparation of

these field tests, the application, handling, and syn-

chronization of various measuring systems was tested

on smaller specimens on laboratory scale. The results

of these preliminary tests obtained by optical measur-

ing techniques, such as photogrammetric measure-

ments and fibre optic sensors are discussed and

compared with classical measuring techniques.

2 Experimental program

2.1 Test setup

2.1.1 Beam design

A reinforced concrete beamwas designed according to

DIN EN 1992-1-1 (Eurocode 2) [24] without partial

safety factors for material properties and actions,

respectively. The beam was designed for the resulting

moment in a four-point bending test considering the

boundary conditions of the available test machine in

terms of maximum load (100 kN) and maximum span

(3 m). The resulting static system is given in Figure 1.

A reference concrete C(0.45) with 16 mm maxi-

mum aggregate size according to DIN EN 1766 [32]

was used for casting the beam. Compressive and
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flexural strength of the concrete mix used was

determined on reference samples and amounts to

65.4 MPa and 4.1 MPa, respectively. The mix

proportioning and further material properties used

for the beam design are given in Table 1. The cross

section of the beam was given with 40 cm in width and

20 cm in height. The reinforcement of the beam was

realized by two reinforcing bars BSt500S with 16 mm

diameter resulting in a cross section As of 4:02 cm2.

Upper reinforcement was not needed as the beam was

designed for pure bending failure without concrete

crushing in the compression zone. Considering these

boundary conditions, the yield strength of the rein-

forcement is reached at approx. 60 kN. Figure 2 shows

the position of the reinforcement of the beam and the

casting of the corresponding beam.

The beam was designed without shear reinforce-

ment to avoid a reduction of the concrete cross section

around the stirrups and hence to avoid predefined

cracking in these areas. The calculated shear force of

the beam at maximum load is lower than the calculated

shear force capacity without stirrups (VEd �VRd;c).

Undesired shear failure will, therefore, not occur.

2.1.2 Loading and data acquisition

Structural elements like bridge girders are designed to

carry imposed loads and their self-weight over a wide

span. This results in nearly constant tensile stresses

over long distances in the tension zone. To induce a

comparable load in the laboratory experiment, the

beamwas subjected to a four-point bending test, which

results in a constant bending moment in the middle

section of the beam without shear forces.

The beam span was 275 cm provided by two

supports on the load frame base of the servo-hydraulic

testing machine. A stiff crossbeam transmitted the

force of a hydraulic actuator, integrated in the upper

cross-head of the machine, to the two loading pins on

the upper surface of the beam. The loading pins had a

span of 75 cm. To avoid unexpected movements or

sudden failure of the beam, the load was applied with a

constant displacement rate (see Fig. 3). Control vari-

able was the piston stroke which was measured by a

displacement transducer installed in the hydraulic

40
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275

75100 100

½·F ½·F

[cm]

Fig. 1 Static system and cross section of the beam

Table 1 Mix design and concrete properties

Material Amount (kg/m3) Parameter Value

CEM I 42.5R 375.0 Flow table test - DIN EN 12350-5 [25] (mm) 510

Quarz sand 0–0.5 236.0 Fresh concrete density - DIN EN 12350-6 [26] (kg/m3) 2401

Quarz sand 0.5–1.0 145.0 Air content - DIN EN 12350-7 [27] (%) 0.9

Quarz sand 1.0–2.0 163.0 Density of hardened concrete - DIN EN 12390-7 [28] (kg/m3) 2359

Quarz sand 2.0-4.0 254.0 Compressive strength - DIN EN 12390-3 [29] (MPa) 65.4±0.9

Gravel 4-8 327.0 Flexural strength - DIN EN 12390-5 [30] (MPa) 4.1±0.3

Gravel 8-16 690.0 Modulus of elasticity - DIN EN 12390-13 [31] (GPa) 35.2±0.8

Water reducer 5.63

Water 169.0

400

20
0

60 280 60

48

2 x Ø 16 mm - BSt500S 

[mm]

15
2

(a) (b)

Steel bar with 
fiber optic sensors

Fig. 2 Bending beam: a Position of the steel bars; b Mould

before casting of the beam
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actuator. The resulting force was measured by a 100

kN load cell mounted between the crossbeam and the

piston rod. The deformation of the beamwasmeasured

between the lower surface of the beam and the load

frame base of the machine by three LVDTs. Two

transducers were positioned directly next to the

bearings and one in the middle of the beam (see

Fig. 4). This way, possible influences from deforma-

tions of the load frame or supports are corrected.

After applying a pre-load of 0.25 kN and offset

correction of the displacement transducers and the

load cell, a first measurement of the photogrammetric

measuring systems and the fibre optic sensors was

conducted by a manually sent trigger. This first

measurement serves as reference for the following

measurements. Further measurements of the DIC

system were conducted by automatic trigger signals

that were sent from the servo-hydraulic testing

machine in intervals of about 5 seconds. Additionally,

the measured force was transmitted to the DIC system

by a voltage signal. The FBG system allows the

measurement with a constant sampling frequency of

10 Hz.

A low displacement rate of 0.2 mm/min was

applied at the beginning to study the formation of

micro cracks in detail. Both photogrammetric mea-

suring systems were therefore triggered every 0.013

mm of piston displacement. Since the distributed

optical fibre sensors (DOFS) require a measuring time

of about 3 seconds, an additional dwell time of about

20 seconds was inserted every 0.5 mm of piston

displacement. After transition from the non-cracked to

the cracked state, the displacement rate was increased

to 0.5 mm/min. The time between the trigger signals
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Fig. 3 Loading rate,
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correspond to the measuring

intervals of the DOFS that

are discussed in detail
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Fig. 4 Beam installed in the testing machine and applied measuring systems
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correlates now with a piston displacement of 0.033

mm. The measurement of the DOFS was conducted in

this stage every 3 mm of piston displacement. After

yielding of the reinforcing bars was detected, the beam

was unloaded with 6 mm/sec to prevent rupture of the

reinforcing bars and resulting damage of the sensors.

The entire loading and the beam’s response are shown

in Fig. 3. No fibre measurements were taken in the

unloading phase, but all other measuring systems were

still active.

2.2 Photogrammetric measuring methods

Two photogrammetric measuring systems were used

for analysing the deformation of the loaded beam. The

two photogrammetric systems used are based on stereo

camera arrangements for 3D coordinate determination

by means of spatial triangulation of high-contrast

surface features of the test specimen [33, 34]. An exact

determination of the spatial orientation of the two

cameras relative to each other and the parameters of

each camera, taking into account i.e. sensor and image

imperfections, are requirements for a high degree of

coordinate accuracy. This process is commonly

referred to as system calibration. Changes on the

camera system that can affect the parameters men-

tioned before have to be avoided.

2.2.1 Digital image correlation

Digital image correlation (DIC) is one photogram-

metric measuring method that was applied in the

midsection of the beam to analyse the formation and

propagation of cracks. The corresponding DIC field

having an area of about 200 mm by 400 mm is shown

in Fig. 4. The camera arrangement observes a high-

contrast stochastic pattern. DIC allows individual

tracking of the movement of small sub-areas having a

size of e.g. 20 x 20 pixels within the stochastic pattern

at all loading conditions. The coordinate changes of

the sub-areas can either be used to analyse the crack

opening or strain values can be derived which enable

crack visualization in terms of strain concentrations.

2.2.2 Stereophotogrammetry

The second photogrammetric measuring method that

was used for the bending test is stereophotogrammetry

(SP). This method observes the entire front side of the

beam and focuses on high-contrast circular markers

that are visible in Fig. 4. The circular markers are both

located on the beam surface and the load transmitting

crossbeam as well as the machine foundation for

control purpose. The 3D center coordinates of the

circular markers are used to compute the 3D compo-

nents of the associated displacement vectors for all

loading conditions. This way, the total deflection of

the beam and the corresponding bending line can be

derived.

2.3 Fibre optic sensors

Two single-mode (SM) sensor fibres were glued over

the entire length of one reinforcing bar of the beam for

determining the progression of the strain distribution

and resulting cracks during the four-point bending test.

The fibres were protected by an epoxy coating and

protruding from both ends of the beam. Figure 5

shows the position of the different sensor fibres. One

fibre served as sensor fibre for distributed strain

measurements. For this purpose, a standard SM fibre

(SMF-28e) according to DIN EN 60793-2-50 [35] was

used. The second fibre contains a Fibre Bragg Grating

(FBG) array consisting of five recoated FBG sensors

with different Bragg wavelengths for continuous local

strain measurement according to DIN EN 61757-1-1

[36]. The two fibre optic measurement methods used

for the sensor fibres complement and reference each

other.

2.3.1 Distributed fibre optic sensors

A LUNA Optical Backscatter Reflectometer (LUNA

OBR 4600) was used as a measuring system for

distributed strain measurements. The strain

Fig. 5 Schematic illustration of the applied fibre optic sensors

and their positions along the reinforcing steel bar
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measurement is based on the evaluation of Rayleigh

scattering in the fibre. The principle of a swept-

wavelength interferometer (SWI) is used to obtain a

high-resolution backscattering profile along the mea-

surement path by analysing the complex amplitude

and phase information in the frequency domain and

transforming it into the local domain. If the obtained

data are correlated to a reference measurement, the

result represents the distributed strain or temperature

change of the fibre. Distributed sensing achieves a

local resolution of �1:0 cm/m and a strain resolution

of �1:0 lm/m.

2.3.2 Fibre bragg grating

Fibre Bragg Gratings (FBG) are periodic refractive

index changes written into an optical fibre that form an

interference filter. The FBG reflects light of a specific

wavelength. Deformation of the Bragg grating

changes the grating period and thus also the Bragg

wavelength. A FBG interrogator HBM DI 410 was

used for the measurement. This instrument is a

4-channel, long-term stable, calibration-capable mul-

ti-channel measuring system with integrated reference

source for FBG sensors. The interrogator couples the

light of a tunable laser into the sensor fibre. If the

coupled wavelength and Bragg wavelength of an FBG

are identical, the light reflected by the FBG is detected

by a photodetector. The signals are further processed

in the interrogator and made available as wavelength

or strain values. The device allows sampling rates up

to 1 kHz with a repeatability of 1 pm (equivalent to

approx. 1 lm/m strain) for wavelength ranging from

1510 nm to 1590 nm.

3 Results and discussion

Figure 6 shows the load-deflection behaviour of the

beam determined by the two photogrammetric mea-

suring systems (DIC, SP) and the LVDT installed in

the middle of the beam. A sub area with a side length

of 10 mm was defined in the lower middle section of

the DIC field for calculating the beam deflection as

arithmetic mean avg(d)Y of the corresponding surface

component (see Fig. 4). The lower two markers that

are close to the DIC field have been used for

calculating the beam deflection of the corresponding

force-deflection plot depicted in Fig. 6.

The comparison of the data reveals that the

deformation behaviour was determined with low

deviation. The difference of the beam deflection

measured by the three different systems is lower than

0.3 mm at maximum load. The force-deflection plot

shows three distinct phases that correspond to the

load-bearing behaviour known from literature [37]. At

small loads, such as Step 4, the tensile stresses are

carried proportionally by both the non-cracked con-

crete and the reinforcement. The beam behaves like a

homogeneous member and stresses and strains are

linearly distributed over the entire cross section. This

initial phase is followed by the transition from the non-

cracked to the cracked state. The resulting tensile

stresses in the bottom of the beam exceed the tensile

strength of the concrete and cracks begin to develop in

this phase (Step 5 to Step 6). The cracks grow quickly

with increasing load (Step 7) and the neutral axis

moves upwards until the reinforcement starts to yield

and the ultimate load of the beam is reached in the final

phase. A detailed analysis of the different phases is

given in the following sections for the NDT methods

used.

3.1 Photogrammetric measuring methods

The results of the DIC measurements are depicted in

Fig. 7 for relevant steps of the force-deflection plot.

Step 5 in Fig. 7 shows the formation of cracks in the

bottom of the beam as indicated by local strain
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Fig. 6 Force-deflection plots of the tested beam determined by

the different measuring systems. The loading steps highlighted

in the graph correspond to the measuring intervals of the DOFS

depicted in Fig. 3
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concentrations. Although slightly higher strain values

have been determined by the DFOS in the corre-

sponding areas of the reinforcement, the formed

cracks are below the reinforcement in the observation

area of the DIC system. This fact can be attributed to

both, the resolution of the DIC system and the

irregular crack pattern inside the beam. The initially

formed cracks grow with increasing load and the strain

values measured by the DFOS becomemore distinct in

the corresponding areas as the cracks are now

exceeding the reinforcement (see Step 6 in Fig. 7).

At this stage, 4 cracks with different crack length are

visible in the measuring field of the DIC. However, the

further crack opening is not equal. It is evident from

Figs. 7 and 8 that Crack 2 shows the largest crack

length and width at Step 6. With increasing load,

Crack 4 shows a clear increase in both crack length and

width at Step 7, while Crack 1 and Crack 2 reveal no

significant changes. A clear opening of Crack 3

becomes obvious at the loading level obtained at Step

10, but Crack 1 shows still the lowest crack width at

this stage (see Fig. 8). The difference in the crack

opening determined at Step 10 by the DIC system

corresponds also with the crack width of the unloaded

beam, indicating the remaining plastic deformations

after testing the beam. Here, Crack 2 shows the largest

crack width at Step 10 and after testing.

The overall deformation of the beam was captured

by SP. The results are depicted in Fig. 9 for the

deformation of the beam at maximum load and in

Fig. 10 for the remaining deformation after unloading

the beam. The displacement vectors show the vertical

displacement of the corresponding markers. As men-

tioned before, the deviation of the beam deflection

determined by SP and LVDT in the midsection is

small (see Fig. 6). Considering the static system of the

beam depicted in Fig. 1 and a possible rotation of the

[μm/m]
3000
2700
2400
2100
1800
1500
1200

900
600
300

0

[μm/m]
30000
27000
24000
21000
18000
15000
12000

9000
6000
3000

0

Step 5

Step 6

Step 7

30μm/m

60μm/m

100μm/m

400μm/m

100μm/m

500μm/m

Crack 4Crack 3Crack 1 Crack 2
Reinforcement

Fig. 7 Strain distribution in the DIC field at the loading steps

highlighted in Figs. 3 and 6, respectively. The graphs in the

upper part of the corresponding sub-pictures show the strains

measured by the DFOS on the reinforcement

-100 0 100 200

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

Δx ~ 0.07 mm

Δx ~ 0.11 mm

Δx ~ 0.06 mm

D
is

pl
ac

em
en

t x
 (m

m
)

Coordinate x (mm)

Step 5 Step 7 unloaded
Step 6 Step 10

Δx ~ 0.21 mm

-200

Fig. 8 Horizontal displacement of the beam in the bottom

section of the DIC field indicating the crack width. The diagram

is underlaid with strain distribution in the DIC field determined

at Step 10

1,4
0,0

-6,0

(mm)

-4,0

-8,0

-10,0

-12,0

-14,0

-16,0
-17,7

-2,0

Fig. 9 Deflection of the beam at maximum load determined

using SP

Materials and Structures          (2021) 54:102 Page 7 of 11   102 



beam at the supports, the ends of the beam have to

moved upward during the bending test. It was possible

to register this upward movement with the SP system

and the corresponding vertical displacement of the

outer circular markers is about 1.4 mm.

3.2 Fibre optic sensors

The strain distribution of the reinforcement deter-

mined by DFOS is shown in Fig. 11 for different

loading steps. Step 4 shows the strain distribution for a

small load in the non-cracked state. As mentioned, the

beam shows a homogeneous behaviour for small loads

and stresses and strains are linearly distributed over

the entire cross section. At this state, the tensile strain

of the concrete does not exceed the limiting tensile

strain, which is given with 100 lm/m to 120 lm/m

[38]. Therefore, the strain distribution of the rein-

forcement corresponds to the bending line of the

beam.

First cracks are formed during the transition from

the non-cracked (Step 4) to the cracked state (Step 5)

when the resulting tensile stresses in the bottom of the

beam exceed the tensile strength of the concrete. At

Step 5 slightly higher strain values have been deter-

mined between the loading pins indicating the forma-

tion of first cracks. These initially formed cracks grow

with increasing load (Step 6 to Step 13), which results

in higher local strain values of the reinforcement due

to the crack opening near the reinforcement. With

increasing load (Step 7 to Step 13) cracks outside the

loading pins are formed and the area of cracked

concrete extends towards the bearings. The reinforce-

ment shows locally plastic deformations when the

maximum load (Step 13) is reached. These local

plastic deformations remain as characteristic peaks of

the strain plot of the unloaded beam (see Fig. 11b).

Strains measured by the FBGs are plotted over time

versus the applied displacement and the resulting force

in Fig. 12. Furthermore, the position of the FBGs is

marked in Fig. 11 and the corresponding strain values

for Step 7 (Fig. 11a) and the unloaded beam (Fig. 11b)

are given in brackets in comparison to the local strain

values measured by the DFOS. Additional values are

given in Table 2. Both measuring systems show a

rather good agreement in their measured values for the

beam in the non-cracked state (up to Step 4). However,

with the transition from the non-cracked to the cracked

state (Step 5), the deviation between both systems

increases differently. Large deviations of single values

can be attributed to the fact that the correct positioning
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Fig. 10 Remaining deflection of the beam after unloading
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of the FBGs is decisive for measurements conducted

on the reinforcement near local strain peaks, such as

cracks. Here, a difference in the position of the FBG

sensor of about 0.5 mm in combination with the

limited local resolution of the distributed sensing

(DFOS) can result in a large difference of the

measured strain values. Similar observations for strain

measurements in the vicinity of cracks have also been

reported by Regier and Hoult [9].

The influence of cracks on the different measuring

systems is also evident from the data depicted in

Fig. 12. Here, FBG sensors located in an area with

later crack formation (e.g. FBG 1 and FBG 5) show

similar strain values until a crack is formed in the

surrounding area of the sensor and the corresponding

strain value shows a large increase. This can either be a

rapid and sudden increase (e.g. FBG 2) in case the

crack crosses the FBG sensor directly and which

corresponds to the resulting theoretical local strain

increase in the crack or a continuous and smooth

increase (e.g. FBG 1) if the FBG sensor is located

close to the formed crack, but not directly in the crack.

Similar findings have been described by Brault and

Hoult [15]. The rapid strain increase measured by an

FBG sensor on the reinforcement and directly crossed

by a crack in the concrete turns to a continuous

increase once the crack crosses the reinforcement

completely. The further continuous strain increase of

the reinforcement in the crack is proportional to the

applied loading rate.
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Fig. 12 Strains over time measured by the FBG sensors as well

as force and displacement measured by the testing machine,

respectively

Table 2 Strain values measured by Fibre Bragg Grating (FBG) and Distributed Optical Fibre Sensor (DOFS) at different loading

steps

Loading Strain (lm/m)

Step FBG 1 DFOS FBG 2 DFOS FBG 3 DFOS FBG 4 DFOS FBG 5 DFOS

1 2 3 4 4 4 6 5 4 2 2

2 5 4 9 6 9 9 10 9 5 7

3 6 9 12 13 12 17 13 13 6 7

4 13 18 25 25 24 29 29 26 12 15

5 23 32 52 57 52 61 66 60 22 23

6 31 47 81 86 79 104 223 192 27 26

7 33 48 147 162 98 144 440 399 30 32

8 38 59 158 300 119 231 624 754 33 38

9 41 74 549 469 140 447 797 912 36 42

10 68 455 886 775 953 865 1357 1305 56 64

11 290 942 1311 1197 1417 1320 1925 1823 126 193

12 608 1224 1761 1756 1910 2023 2424 2362 294 587

13 878 1609 2116 2032 2359 2414 2798 3096 981 868

14 929 1691 2291 2062 2420 2342 3120 3399 1034 907

unloaded 385 479 718 485 605 586 798 1113 391 384
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4 Conclusions

The load-bearing behaviour of a reinforced concrete

beam was investigated by optical measuring tech-

niques and compared with results obtained by classical

measuring techniques. The use of two different

systems for optical deformation measurements (Dig-

ital Image Correlation (DIC) and Stereophotogram-

metry (SP)) showed good results for determining the

deflection of a bending beam. The deflection of the

beam was determined by both systems with low

deviation compared to classical measurements con-

ducted with Linear Variable Differential Transformers

(LVDTs). The DIC system allows also for determining

the planar strain distribution of the tested samples,

which helps to characterise and to analyse the crack

formation and crack propagation in concrete beams.

The application of fibre optic sensors proved to be a

useful investigation tool for characterizing the load-

bearing behaviour of a reinforced concrete beam.

Distributed Optical Fibre Sensor (DOFS) and Fibre

Bragg Grating (FBG) sensors were applied on the

reinforcement of the concrete beam to determine the

strain distribution during the four-point bending

flexural test. Here, local strains can be determined

with high accuracy and high measuring frequency by

FBG sensors, whereas DOFS allow continuously

distributed measurements along the reinforcement

with lower accuracy and lower measuring frequency.

The results obtained by the laboratory test on a

reinforced concrete beam showed that optical mea-

suring systems are suitable tools for Structural Health

Monitoring (SHM). The three-dimensional detection

of deformations and resulting strains with optical

deformation measurements is beneficial for analysing

the damage mechanism of loaded structures and

related crack formation. Comparable results can

hardly be obtained by classical measuring techniques

or, if possible, extensive technical efforts are neces-

sary. The same holds for strain measurements using

fibre optic sensors. Here, the application of DOFS for

determining the strain distribution along the reinforce-

ment offers new possibilities for SHM that cannot be

realized with classical measuring systems such as

strain gauges.
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