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Abstract: Optical fiber sensors have become a widely-used tool to perform life-long monitoring of 8 
large structures. Different set-ups of sensors can be used to obtain information at different scopes. 9 
In this paper, the application of a portable Brillouin optical time domain analysis sensor applied to 10 
reinforced concrete beams is presented. The sensor is made up of a single-mode optical fiber applied 11 
to the structure that enables the measurement of tensile and compressive axial strain along the 12 
beams. The fiber is embedded into a concrete casting and fixed along the reinforcement bars so that 13 
a complete correlation can be obtained regarding strain and displacements in linear and non-linear 14 
flexural response. The use of four sensing fibers positioned along the beam's length at different 15 
vertical positions makes it possible to read the strain variation within the cross-section. In 16 
accordance with Bernoulli’s hypothesis, this allows curvature diagrams to be obtained across the 17 
structure. The measured curvature is used to set up the moment–curvature relationship, which 18 
highlights the possibility of the sensor monitoring structures continuously in space and time. 19 

Keywords: Concrete structures, structure monitoring, optical fiber sensors, distributed sensors, 20 
Brillouin scattering. 21 

 22 

1. Introduction 23 
The basis of structural health monitoring (SHM) has been laid by Housner et al. [1], where it is defined 24 
as the continuous measurement and analysis of the main structural and environmental parameters 25 
under operating conditions in order to detect anomalous behaviour in the initial phases and then as 26 
a prevention tool. 27 
The structural health monitoring of materials is therefore necessary during the design phase, during 28 
construction and especially as an integral part of preventive maintenance procedures in service and 29 
in the assessment of damages. 30 
The methods for SHM in materials include ultrasonic testing [2,6], thermography [7,9] and 31 
measurements of static deformation and dynamic vibrations [10,13]. Static stresses and dynamic 32 
vibration analysis are often limited to the reading of point sensors, such as strain gauges, 33 
accelerometers  or contactless laser Doppler vibrometers [14,15]. 34 
Distributed strain measurements using optical fiber sensors, based on Brillouin optical time domain 35 
analysis (BOTDA), has great advantages with respect to traditional gauges such as resistive strain 36 
gauges or mechanical ones. The optical fiber plays the role of a sensor and also of the communication 37 
medium and is very cheap since the sensor is made of nothing but data transmission fiber. The 38 
feasibility of this kind of sensor is particularly suitable to concrete and other structures in Civil 39 
Engineering; the construction process, indeed, consists of several phases in a very unclean 40 
environment and is subjected to severe shocks and manipulation that can damage the sensor. In many 41 
papers, a detailed review of optical fiber sensors is presented where the properties of Brillouin optical 42 
time domain analysis (BOTDA) sensors are described; it can be seen that the use of a distributed 43 
sensor has great advantages with respect to the installation economy, set-up design and realization 44 
and data acquisition. Several experiments, as described in [16,17], show that building activity often 45 
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damages electrical strain gauges or vibrating wire deformometers. In practice, structures are 46 
investigated experimentally only at the completion of construction, during final testing, when gauges 47 
are applied for a short elapsing time, whereas the life-long monitoring of the finished structure is not 48 
as frequently performed as it should be. As a matter of fact, life-long measurement is the new 49 
challenge in Civil Engineering, especially with respect to construction maintenance and management. 50 
It is clear that life-long monitoring requires that the sensors are positioned in situ and left in place for 51 
a long time; consequently, they need to be protected from the injuries caused by time and their 52 
environment [18]. 53 
Optical fibers for telecommunications, which are the sensing devices when BODTA is used, are very 54 
robust and do not suffer time degradation, but the fiber is rather fragile and requires some protection 55 
against mechanical shocks. For the scope, it is desirable that the fiber is protected by means of coating 56 
or by embedding the fiber itself into the concrete cast. An experimental arrangement that places 57 
embedded fibers into concrete structures is presented in several works where the feasibility of such 58 
a set-up is shown [19,23]. 59 
Barrias and Bao [24,25] describe the evolution of the SHM with a review of the major experiments 60 
and results carried out to date to demonstrate the effectiveness of the use of optical fiber sensors. 61 
Several experiments have been performed in the BOTDA field with embedded sensors for different 62 
types of structures: reinforced concrete wall [26], prestressed concrete bridge [27], integrated optical 63 
fiber in functionalized carbon structures (FCS) [28] and also for the detection of vibration, surface 64 
cracking and buckling phenomena [29,31] in reinforced concrete, pre-stressed concrete (PSC) [32] and 65 
post-tensioned PSC [33]. 66 
In the present work, laboratory experiments are presented that concern reinforced concrete beams 67 
under flexural solicitation; the structures have been instrumented by embedded optical fibers, and 68 
the experimental configuration has been set up in order to account for the Bernoulli beam theory. It 69 
is shown that the embedded fiber sensor is able to reconstruct beam cross-section deformation; hence, 70 
curvature mapping is obtained along the whole beam with very little effort and a cheap cost. 71 
In the following, a number of experimental measurements are reported. The experiments concern a 72 
set of four laboratory beams made of reinforced concrete. The beams have been loaded by two point 73 
forces, placed to obtain a large zone where pure bending alone acts as internal solicitation. 74 
Consequently, the beams have presented a pure bending failure, with a small influence of the shear 75 
on the collapse, as shown by the crack patterns recorded at the end of each test. 76 
The experimental results show that the sensor is able to follow the load path from a low load level 77 
until plastic collapse. For this target, the beams have been instrumented by using four optical fibers 78 
at different heights along the structure. The curvature of the deformed shape of the beams is 79 
calculated by the variability of longitudinal strain along the height, in accordance with Bernoulli 80 
theory. As was expected, the actual deformation of the beam’s cross-section remains almost planar, 81 
even at the non-linear stage of the stress. This result confirms the possibility of this kind of sensor 82 
being able to monitor large deformation.  83 

2. Materials and Methods 84 
Laboratory experiments have concerned reinforced concrete (RC) beams, casted by using designed 85 
concrete in order to obtain the prescribed of resistance 25

ck
f MPa= . Figure 1 shows the casting 86 

phase, the reinforcement pattern and the fiber positioning. 87 
 88 
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                 89 

The beam shape is summarized hereafter: 90 
Length 1.82l m= , square cross section, side 0.20m . The reinforcement consists of four 91 
longitudinal steel bars, at the vertex of the beam; the bars have diameter 12

l
mmf = . Finally, eight 92 

steel brackets whose diameter is 8
b

mmf =  complete the reinforcement. The sensing device has 93 
been designed to monitor the axial strain within the beam at different locations along the longitudinal 94 
directions at different vertical positions. Then, it has been possible to get the longitudinal curvature of 95 
the beam axis provided by Bernoulli's hypothesis to hold; for the scope, each beam has been 96 
instrumented by coiling a single optical fiber four times along the whole beam’s length. The sensor 97 
disposition allowed us to record four strain patterns at different heights. The fiber has been glued to 98 
the brackets and along the longitudinal bars by epoxy resin; moreover, a grid made of iron wires has 99 
been applied through the brackets so that the optical fiber could be suspended at the prescribed 100 
position, as depicted in Figure 2. 101 
 102 

Figure 2. Fiber fixing: (a) the upper fiber is glued to the reinforcement; (b) an iron wire grid to fix 103 
the lower fibers. 104 

The transversal position of the fibers is represented in Figure 4, where the structural scheme of the 105 
specimen is drawn as well. 106 
The fiber position along the section height, measured from the bottom of the beam, is shown in the 107 
following Table 1. 108 

 109 

Figure 1. Building of the specimen: (a) description of the reinforcement pattern; (b) casting phase and 
optical fiber embedding. 
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The loading equipment consists of a steel frame, where rolling cylindrical supports are positioned at 110 
the testing span distance, in order to provide the supports that allow horizontal displacements. 111 
Hence, the beam is subjected only to transversal actions (i.e. zero axial force). 112 

The load has been applied by means of two hydraulic jacks whose position is depicted in Figure 4. 113 
The experiment has been designed so that, at the middle of the beam span, constant bending moment 114 
results; such a loading pattern allows us to decouple the bending failure mechanism from shear 115 
effects. 116 

Table 1. Position of the fiber sensors measured from the bottom. 117 

Fiber n. 
Distance from bottom 

mm 
1 160 
2 126 
3 74 
4 20 

In order to have a redundant control of the electronic measures, the structure has been equipped 118 
with a displacement dial gauge, positioned at the middle span of the beam, as represented in Figure 119 
5.  120 

 

Figure 3. Testing apparatus, load frame and hydraulic jacks 

 

 
Figure 4. Testing scheme with fiber positions. 
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Figure 5. Dial displacement gauge position. 

During the experiment, a time variable load has been applied through the servo-controlled jacks. The 121 
load has been programmed in order to apply increasing load during a prescribed set of loading–122 
unloading steps. The load time history is represented in the diagram in Figure 6. 123 

 

Figure 6. Load time history. 

The structure has been tested with respect to bending, where the loads have been applied so that the 124 
bending moment was the main internal stress. Under such hypotheses, the main strain of the 125 
structure is the longitudinal one, e  ; under these conditions, the optical fibers give better results. 126 
The analytical solution of the collapse of the beam is obtained according to the reinforced concrete 127 
homogenization theory and to the prescription of Eurocode 2 (EC2). 128 

3. Results 129 
The constitutive mechanical parameter of the concrete is yield stress: 130 

  13.75
y

MPas =   (1) 131 

The stress–strain curve is, on the compression side,   132 

 ( ) ( ) 2 010

, 0.0035 0.002

2 ,00 50000 0.002
cc

c y y

y
s

s s

s e

ee s e

= - < <-

- <= <+
  (2) 133 

and vanishes identically on the tension side. 134 
The steel of the bars is supposed to be an elastic, perfectly plastic material with a Young’s modulus 135 
Es=210 GPa and stress yielding at  136 
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sy

MPas =   (3) 137 

The stress–strain curve for the steel is altered by the following inequalities: 138 
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The stress strain curves for the two materials are drawn in figure 7. 140 

 
a) 

 
b) 

Figure 7: stress strain curves of the materials, a) concrete, b) steel 
 141 

By means of the above definitions and by integrating the stress moment about the x axes along 142 
the beam thickness, one can calculate the moment–curvature relationship. The moment–curvature 143 
diagram is drawn in Figure 8. 144 

 145 

 
Figure 8: Bending moment versus curvature 

diagram 

 146 
The maximum moment calculated using equations (2) and (3) is  147 

 14.20
m
M kNm=  (4) 148 

An analogous calculation, made by means of standard formulas in European code EC2, gives 149 
the following results (see Table 2) that are in a good accordance with those reported above. 150 
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 152 

Table 2: Mechanical properties of the RC beam cross section by EC2. 153 
Item Value 
Limit moment 13.9 kNm 

Limit neutral axes p
n
y  0.168 m 

Elastic neutral axes e
n
y  0.14 m 

Upper e  .0021 
Lower e  .01 

 154 
where upper e  and lower e stand for strain at the upper—i.e. most compressed—and lower—i.e. 155 
most tensed—side of the structure; p

n
y  and e

n
y  are the distances of the neutral axis from the bottom 156 

of the beam when complete plastic strain occurs and at the elastic limit, respectively. 157 
The theoretical value of the limit moment allows us to calculate the limit load, as 158 

y
y y y

M
M Fd F

d
=  =  (5)

By using the quantity reported in Figure 4, one obtains 159 

0.73 0.26 0.47

13.9
29.6

0.47y

d m m m

kNm
F kN

m

= - =

= =
 (6)

A typical record of strain obtained during the experiments is reported in Table 3. The diagram 160 
consists of several waves that represent the strains along the optical fiber for the different span paths. 161 
Since the length of the portion of the fiber that is embedded into the beam is known a priori, it is 162 
possible to relate the abscissa to the relevant cross-section and height within the beam. Hence, the 163 
strain shown in figure 7 actually represents a two-dimensional map of the strain over the beam. 164 

 

Figure 9: Strain recording along the fiber for different load steps 
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In the following Table 3, the strains at sections located at the mid-span of the beam, i.e. at a distance 165 
z from the left-wise support given by z = 0.91m (see Figure 3), are reported; in the table, the beam 166 
curvature and bending moment, calculated analytically from recorded data, are reported as well. By 167 
assuming that the Bernoulli hypothesis on the plane cross-section holds, the curvature is calculated 168 
by 169 

l u

h c

e e
c

-
=

-
, (7)

where h c-  is the distance from the fibers along the cross-section height, 20c mm=  is the 170 
distance of the bars from the upper and the lower side of the section and h  is its height. 171 

Table 3. Results at mid span: z = 0.91 m. 172 
Force 
[KN] 

Lower ε 
 

Upper ε 
 

Curvature 
χ [1/m] 

Moment 
[KN m] 

0 0 0 0 0 
10 0,000378 -0,0000516 0,002685 4,7 
20 0,000837 -0,000082 0,00574375 9,4 
30 0,00127 -0,000142 0,008825 14,1 
40 0,00218 -0,000178 0,0147375 18,8 
50 0,00476 -0,000225 0,03115625 23,5 
40 0,00477 -0,000177 0,03091875 18,8 
30 0,0058 -0,0000894 0,03680875 14,1 
20 0,00733 0,0000021 0,04579938 9,4 
10 0,00665 0,000226 0,04015 4,7 
2 0,00641 0,000367 0,03776875 0,94 

     

The theoretical limit response of the beam, as summarized in Table 2, allows us to notice that the 173 
conventional limit suggested by EC2 is lower than the measured limit; this confirms that the 174 
conventional limit prescribed by the normal accounts of safety factors is as it has to be expected and 175 
does not represent the actual behavior of the structure. The same comment holds with respect to the 176 
prescribed limit strain to be used in analytical calculation; more precisely, the standard resistant 177 
moment is assumed to correspond to the prescribed strain limits, which are reported in Table 2, even 178 
if these limits do not conform to the actual response of the structure. 179 

The moment–curvature (M c- ) diagram is drawn from recorded data; Table 3 reports the 180 
results concerning the cross-section at the middle of the beam span during the loading and unloading 181 
phases of the last load step, and analogous results have been elaborated in order to obtain the 182 
M c- diagram for various cross-sections. In particular, in the following Figure 11, three significant 183 
diagrams are reported corresponding to the point where the force has been applied, the mid-span 184 
point and a point outside the load application range. The diagrams related to z=0.73m and z=0.91m 185 
are almost equal, thus confirming that, within the beam portion between the two acting forces, the 186 
moment is actually constant; moreover, one can see that the diagrams account for the snap back 187 
discontinuity of the moment, indicating that sudden cracks grow together with a non-linear 188 
occurrence. The diagram indicated by z=1.26m refers to the point where the bending moment is less 189 
than the yield limit, although it is greater than the first crack growth limit. From the diagram, it can 190 
be seen that the curvature does not recover anymore at unloading, but no sudden decrease of the 191 
stress occurs, since it has to be expected that only micro-cracks develop at this stage. Finally, it can 192 
be seen, from any of three diagrams, that the linear part of the moment–curvature law is well 193 
recorded by the measurement device with a good agreement with theoretical expected values. 194 
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In order to check the measured strain during the non-linear response of RC beams, a comparison 195 
with the theoretical prediction has been reported hereafter. 196 
For the scope, the actual neutral axis elevation with respect to the beam bottom line has been 197 
calculated by strain measures, both in elastic and plastic phases, e

n
y and p

n
y . In any case, the actual 198 

neutral axis elevation 
n
y  depends on strain by means of the following linear equation: 199 

( )l
n

l u

y c h c
e

e e
= + -

-
 (8)

Equation (8) has been used to obtain 
n
y  during several load steps; in particular, the measurements 200 

have been permitted to calculate 
n
y  during the last monotone load path. The results are 201 

summarized in the following table, and it can be seen that the neutral axis has moved upwards during 202 
crack propagation and non-linear strain occurrence. 203 

Table 4. Neutral axis translation from elastic to plastic. 204 

F l
e  

u
e   

n
y  

10 0.00038 -5.16E-05 0.160782 

20 0.00084 -0.000082 0.165724 

30 0.00127 -0.000142 0.163909 

40 0.00218 -0.000178 0.167922 

50 0.00476 -0.000225 0.172778 

Such a behavior can be ascribed to the fact that the stress does not remain elastic anymore, and hence 205 
its result increases with respect to the linear case.  206 
The beam is under elastic load for 10F kN=  and the neutral axis has the following elevation: 207 

  208 

05

0.00038
0.161

0.00
60.02

038 5.16 1
1

0
0.e

n
y m

-
=

- ´
= +

+
 (9)

The value of p
n
y  in the plastic stage is calculated for 50F kN=  and is obtained by equation (8), 209 

hence 210 
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0.00476 0.000225
p
n
y m= + =

+
  (10) 211 

This result can be compared with the theoretical one, equation (4), and that obtained by EC2 and 212 
reported in Table 2. The strain measurements obtained by means of the optical fiber sensor allow us 213 
to calculate the function of the curvature of the beam along its span; the curvature c  has been 214 
calculated by equation (7) and the bending moment by equation (5). 215 
The picture in Figure 10 clearly shows that, at incoming collapse, the beam presents several cracks. 216 
The ruptures are of two types: the one at the lower edge of the structure consists of a crack that has 217 
to be imputed to the attainment of the tensile limit of the concrete; the other one, on the upper side 218 
of the beam, is due to the buckling of the compressed side outside the confined core of the beam by 219 
the brackets. 220 

 
Figure 11. Moment–curvature diagrams for z=0.73, z=0.91, z=1.25 cross-sections. 221 

The results confirm what is to be expected from the buckling analysis of the structure [31]. 222 

 223 

 
Figure 10: Cracks at the incoming collapse 
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5. Conclusions 224 
The experiments reported have confirmed that Brillouin optical time domain analysis sensors can be 225 
used in civil engineering activities for structural monitoring. The experiments described in the 226 
present work concern laboratory structures instrumented with ordinary optical fibers for 227 
telecommunication. The fibers are very cheap and easy to set up as a sensor, and they make it possible 228 
to set up complicated sensor lattices with little effort in terms of time and resources.  229 
A particular set-up has been tested: it is made of a single fiber that runs within the beam along four 230 
different paths at different heights. The fiber is embedded into the concrete during its casting and is 231 
supported by means of a light iron cable tensed between the steel brackets and the reinforcement 232 
bars.  233 
The experimental setup has been designed to obtain results on the strain distribution within the 234 
structure in order to give information both on the feasibility of accurate internal measurement and 235 
on the actual strain distribution within concrete beams at non-linear—for instance, fracture and 236 
plasticity—stress levels. Moreover, the experiment confirms that the fiber did not break during 237 
installation, even if no particular attention has been paid to avoiding damaging the sensor; only an 238 
ordinary cure has been applied. Hence the sensor has shown its robustness with respect to damage 239 
at installation stage. 240 
Moreover, it has been shown that the strain measurements obtained by means of BOTDA sensors can 241 
be used to get a continuous record along the structure and during the load time history with very 242 
good approximations. As a consequence of the experiments, it has to be stressed that concrete 243 
theoretical modeling has once more had its robustness confirmed, since the calculated limit for the 244 
bending moment and neutral axes positions are in good agreement with those obtained by 245 
experiments. 246 
In conclusion, the proposed experimental setting that makes use of BOTDA has shown that the 247 
proposed sensors are suitable devices to monitor beam structural behavior continuously across space 248 
and time due to their reliability and to the low cost of the system, since it is very easy to apply long 249 
fibers within a concrete structure, or even to embed them into the concrete cast. The experimental 250 
results suggest that it is possible to design new configurations (i.e. to set several paths to be monitored 251 
in several different directions) such that it could be possible to obtain important information about 252 
the behavior of more complicated concrete structures. The BOTDA sensors can be used to monitor 253 
structures during their life and to confirm theoretical assumptions and calculations. This suggests the 254 
possibility of exploiting BOTDA from two different points of view: first, for scientific experimental 255 
investigation of structural response; second, for continuous monitoring of the health of existing 256 
infrastructures. 257 
Author Contributions: The authors conceived and performed the experiments and elaborated the data in a 258 
substantially equal way. 259 
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