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ABSTRACT: The development of monitoring technologies particularly suitable to be used with novel CFRP 
strengthening techniques has gained great attention in recent years. However, in spite of the high performance 
of these advanced composite materials in the strengthening and repairing of structures in service, they are 
usually associated with brittle and sudden failure mainly caused by debonding phenomena, originated either 
at the CFRP-plate end or at the intermediate areas in the vicinity of flexural cracks in the RC beam. Thus, it 
is highly recommended for these structures to be monitored in order to ensure their integrity while in service. 
Specifically, the feasibility of smart sensing technologies such as Fiber Bragg Grating (FBG) sensors and piezo-
impedance transducers (PZT) has been studied. To the knowledge of the authors, none serious study has been 
carried out until now concerned to the topic of damage detection due to debonding in rehabilitated structures 
with CFRP composites.
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RESUMEN: Comparación de sensores PZT y FBG para la detección de despegues en vigas de hormigón armado 
reforzadas externamente con bandas de CFRP y sometidas a cargas de flexión. El desarrollo de tecnologías de 
monitorización aplicables junto con las novedosas técnicas de refuerzo basadas en materiales CFRP ha recibido 
una atención creciente los últimos años. Sin embargo, a pesar del alto rendimiento de estos avanzados mate-
riales compuestos en la reparación y refuerzo de estructuras en servicio, están habitualmente asociados a fallos 
frágiles y repentinos causados principalmente por fenómenos de despegue, originados bien en los extremos del 
refuerzo, bien en áreas intermedias en las proximidades de grietas de flexión existentes en la viga. Por tanto, 
es altamente recomendable monitorizar estas soluciones estructurales de cara a garantizar su integridad en 
servicio. Específicamente, se ha estudiado la viabilidad de sensores inteligentes tales como los sensores Fiber 
Bragg Grating (FBG) o los transductores piezoeléctricos (PZT). Hasta donde los autores saben, no se han reali-
zado estudios serios hasta la fecha abordando la detección de daño debido al despegue en estructuras reforzadas 
con compuestos CFRP.

Palabras Clave: Composite; Refuerzo de fibras; Hormigón; Polímero; Propiedades mecánicas

Copyright: © 2016 CSIC. This is an open-access article distributed under the terms of the Creative Commons 
Attribution-Non Commercial (by-nc) Spain 3.0 License.

http://dx.doi.org/10.3989/mc.2016.05415
http://dx.doi.org/10.3989/mc.2016.05415
http://dx.doi.org/10.3989/mc.2016.05415


2 • E. Sevillano et al.

Materiales de Construcción 66 (322), April–June 2016, e088. ISSN-L: 0465–2746. doi: http://dx.doi.org/10.3989/mc.2016.05415

LIST OF ACRONYMS

SHM	 –	 Structural Health Monitoring.
CFRP	 –	 Carbon Fiber Reinforced Polymer.
RC	 –	 Reinforced Concrete.
FBG	 –	 Fiber Bragg Grating.
PZT	 –	� Lead Zirconate Titanate (piezoelec-

tric ceramic material).
EMI	 –	 Electro-Mechanical Impedance.
RMSD	 –	 Root Mean Square Deviation

1. INTRODUCTION

Aerospace, civil and mechanical infrastructures 
are continuously exposed to deterioration and func-
tional deficiencies for which, regardless of the root 
cause (aging, accidental damage, weathering of the 
materials, poor engineering, etc.), a solution is needed 
in terms of monitoring and maintenance. In order 
to mitigate this deterioration and efficiently manage 
maintenance work on civil structures, it has become 
necessary to develop reliable damage detection strat-
egies, referred to (1) in the infrastructure-engineering 
field as Structural Health Monitoring. Furthermore, 
in order to contribute to the cost reduction of that 
rehabilitation, a lot of research has been put into the 
use of Carbon Fiber Reinforced Polymers (CFRP) 
composites for repairing and strengthening struc-
tures in service. Advanced composite materials are 
increasingly used, particularly for strengthening 
applications of reinforced concrete (RC) structures 
(2–4), due to their many advantages over the tradi-
tional techniques: high strength-to-weight ratio, high 
modulus of elasticity, improved durability, resistance 
to corrosion, and ease of handling. Particularly 
interesting is the CFRP reinforcement of the flexural 
members, since these are the most developed applica-
tions among civil infrastructures (5-8).

Unfortunately, strengthening with CFRP is often 
associated with brittle and sudden failure caused 
mainly by some form of debonding of the CFRP 
from the concrete (9-17). In this regard, consider-
able research activity has been centered lately on the 
development of ‘smart structures’ (18), although 
little of this ‘smart’ technology has been actually 
applied to monitor retrofitted structural systems. 
The first step in this development is to incorpo-
rate a level of structural sensing capability, embed-
ding some of the latest smart sensor networks so 
that these new solutions can also serve to assess 
the integrity of strengthened structures. This can 
be achieved, for example, through the use of strain 
measurements taken at multiple locations through-
out the structure. Within the smart structures com-
munity there has been increasing recognition of the 
potential of fiber-optic sensors (19, 20), particularly 
Fiber Bragg grating (FBG) sensors, for multi-point 
structural strain monitoring. These sensors have the 
capability of mapping the strains along the optic 

fiber, as they are able to measure those strains locally 
with high resolution and accuracy. Another promis-
ing approach to be explored within the concept of 
‘smart structures’ or ‘intelligent material systems’ is 
the use of piezoelectric materials (piezo-impedance 
transducers, PZT) (21), which have the particularity 
that they can serve as both sensors and actuators, 
thus providing driving signals as well as sensing (22), 
for systems that do not contain natural excitations 
or for diagnostic algorithms that require a known, 
well-controlled excitation. Furthermore, these sen-
sors are able to measure at much higher frequencies 
than those used in global structural methods, which 
greatly improves the sensitivity to minor damage.

Both kinds of smart sensors are widely recog-
nized as promising technologies in the SHM field, 
but few efforts have been made so far to incorporate 
these smart solutions within the SHM procedures 
that allow the assessment of the health condition 
of civil infrastructures externally strengthened with 
advanced composite materials. For that reason, 
both smart sensor technologies are used in this work 
in  order to test their performance for debonding 
detection on Reinforced Concrete (RC) structures 
externally strengthened with CFRP composite mate-
rials. The purpose of this paper is, thus, to track dam-
age evolution on experimental beams so that, from 
the accumulation of damage indications in certain 
regions of the structure (due mainly to flexural 
cracks), debonding appearance could be predicted 
by means of these smart sensors before the beam 
reaches a critical condition while in service, which 
could originate a catastrophic failure. Two identi-
cal RC beams with the same steel reinforcement and 
also the same external CFRP strengthening have 
been used during the experimental campaign carried 
out for this paper. Furthermore, a different loading 
sequence has been applied to each beam in order to 
achieve a more comprehensive experimental test.

2. OPTIC FIBER TECHNOLOGY: 
USAGE OF FBG SENSORS

Among all fiber optic solutions for sensing tech-
nologies, Fiber Bragg Gratings (FBGs) are the most 
widely applied ones given the number of commer-
cial systems available and their high performance 
besides other significant advantages compared to 
other strain measurement techniques, such as their 
immunity to electromagnetic interference and power 
fluctuation along the optical path, high precision, 
durability, low power consumption, absolute strain 
sensing capability, ease of multiplexing and compat-
ibility with being embedded in a range of structural 
materials (23, 24), which makes them particularly 
suitable for being used for monitoring the structural 
systems studied in this work. Furthermore, due to 
these advantages FBG sensors have been increas-
ingly used in many real applications (24–27).
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These fibers consist of a very small inner core 
that has a periodic variation of its diffraction 
index with a periodic lambda (λ), which is gener-
ally achieved by exposing the core of photosensi-
tive optical fibers to light from an ultraviolet laser 
(23). The sensor reflects a portion of the incoming 
light with a particular wavelength known as Bragg 
wavelength, while the rest of the light keeps travel-
ing with its properties unaltered through the optic 
fiber. Thanks to the modulation of its core, Bragg 
wavelength can be affected by external environment 
changes, such as temperature, vibration or strains, 
thus generating a shift of the reflected Bragg wave-
length. As the gratings can be written at different 
initial wavelengths, they can be identified by their 
spectral location, and correlated to physical loca-
tions along the fiber. This gives the sensor system 
the capability to ‘map’ the strain along the fiber, 
and offers a new and very powerful sensing capabil-
ity for structural analysis (28). For example, when 
adhered to the surface of the host structure (or 
embedded in the structure) it is possible to obtain 
the record of strains of the structure subjected to 
any external load, which is highly useful in order to 
develop an SHM system in real time. Furthermore, 
the wavelength-encoded nature of the output also 
provides the basis for the multiplexing of several 
gratings along a single optical fiber.

In this work, several FBG sensors have been 
used to monitor the strain variations in reinforced 
concrete beams externally strengthened with CFRP 
strips (see Section 5) during different loading pro-
grams, as detailed in Section 4. The strains for each 
experiment were calculated by using the following 
expression [1] , given by the manufacturer of the 
FBGs:

	 ε
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where ε is the micro-strain, ∆λ is the Bragg wave-
length shift, λ0 the original Bragg wavelength and 
FG a factor also given by the manufacturer for each 
FBG sensor.

3. ELECTROMECHANICAL IMPEDANCE 
METHOD

Lead-zirconate-titanate (PZT) materials have 
become a very widespread technology for sens-
ing and monitoring solutions in many engineering 
fields, civil engineering among them, due to their 
light weight and variety of shapes and sizes (29-32). 
More particularly, these smart materials are espe-
cially suitable for Structural Health Monitoring 
applications by means of the so-called Electro-
Mechanical Impedance method (EMI). The prin-
ciple behind the impedance-based structural health 
monitoring approach is that any damage present in 

the structure under study leads to a change in its 
mechanical properties, the mechanical impedance 
among them. Since the patch is directly attached to 
or even embedded in the host structure, that change 
in the mechanical impedance of the structure also 
means a modification of the electromechanical 
impedance of the PZT patch, which can be directly 
measured by an impedance analyzer. The coupled 
relationship between electrical and mechanical 
impedance was firstly introduced by Liang et al (33) 
as follows [2]:
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where Y(ω) is the electrical admittance (inverse of 
impedance), vi is the input voltage to the PZT actua-
tor; I0 the output current from the PZT; ε d,T

x33
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and Y xx
Eˆ  are the geometry constant, complex dielec-

tric constant, piezoelectric coupling constant and 
complex Young’s modulus of  the PZT in a state 
without stresses, respectively; Zs(ω) and Za(ω) are 
the impedances of  the structure and the PZT actua-
tor, respectively. As has been proved (Park et al 
(34)), the real part is less sensitive to ambient tem-
perature change, compared to the imaginary part. 
Because of  this, a real part of  the impedance is used 
for the EMI method.

Through the application of the EMI method, the 
integrity of the structure can be assessed by observ-
ing the changes experienced by the electromechani-
cal impedance of the structural system between two 
different stages. In order to obtain a quantitative 
measure of the damage level present in the structure, 
it is necessary to use statistical tools that allow one 
to define different scalar damage metrics that lead 
to that quantitative assessment of the health condi-
tion. In that sense, the root mean square deviation 
(RMSD) is the most commonly used indicator for 
the impedance method (35, 36), which can be com-
puted as follows [3]:
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where Z0(ωi)  is the impedance of  the PZT mea-
sured at a previous stage, which might agree with 
the healthy condition of the structure, Z1(ωi) is the 
corresponding value at a subsequent stage, which 
might agree with a post-damage stage, at the ith 
frequency point; n is the number of  frequency 
points. For the RMSD index, the larger the dif-
ference between the baseline reading and the sub-
sequent reading, the greater the value of  the index 
denoting changes of  structural dynamic properties 
which can be due to damage.
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Finally, Yang et al (35) carried out an study with 
PZT transducers to detect damage artificially intro-
duced on a 2 m x 1.5 m x 1.5 m concrete mass. The 
approach was based on dividing the wide frequency 
range (which in this work will cover from 10 kHz up 
to 100 kHz) into sub-frequency intervals of the same 
length, calculating their respective RMSD values 
and correlating them with different sensing regions 
in the host structure. In that way, damage closer to a 
PZT would affect the higher sub-frequency intervals 
more significantly, meanwhile the lower ones would 
be related to further damages. A similar approach 
has also been considered in this work.

4. TEST DESCRIPTION

Two RC beams with the same steel reinforce-
ment and also the same external CFRP strength-
ening were used during the experimental campaign 
carried out in this work at the Eduardo Torroja 
Institute (Madrid-Spain), in order not only to study 
the behavior of these reinforced concrete beams, 
but also to test the performance and adequacy of 
the selected smart sensors for the particular moni-
toring application evaluated in this paper. The 
mechanical properties of the tested specimens are 
presented in Table 1. The geometric dimensions and 
the reinforcement layout in the transversal sections, 
which were common for both beams, are illustrated 
in Figure  1, and details about the sensors used 
are given in Figure 2. For a better understanding, 
Figure 3 shows the basic FBG strain sensing prin-
ciples. The procedure for the specimens preparation 
is properly illustrated in Figure 4, while the overall 
experimental set-up is shown in Figure 5.

In each test program performed, the correspond-
ing strengthened beam was subjected to a series of 
increasing quasi-static load tests (detailed in Table 2) 
with the purpose of gradually generating cracks into 
the specimen. Each damage state is also specified in 
this table for each health condition of each beam 
after the corresponding loading step.

During the application of  each loading step, the 
microstrains were constantly measured by using 
identical os3200 Non-metallic Optical Strain 
Gages supplied by Micron Optics, as indicated 
in Figure 1. In order to measure the microstrains 

at each sensor, the dynamic Optical Sensing 
Interrogator sm130 from Micron Optics was used 
for data acquisition, in combination with the 
sm041 Channel Multiplexer from the same firm, 
so that all the FBG sensors could be interrogated 
at once. For beam number 1, the results from sen-
sor number 6 were not considered since they were 
illogical and not consistent, so we concluded that 
there could have been adherence failures with this 
sensor during the tests. In the case of  beam num-
ber 2, results for sensor 2 were not included since 
that sensor broke during the first load of  the test 
program.

After each quasi-static test, the impedance was 
then measured by using, in both specimens, eleven 
identical P-876 Dura Act Patch Transducers of 
0.5  mm thickness supplied by Piceramics, which 
were externally bonded with an epoxy adhesive 
along the CFRP strip with a constant spacing ratio 
of  12  cm (Figure 1). To measure the impedances 
at each sensor, the Precision Impedance Analyzer 
4294A from Agilent Technologies was used to 
apply a sinusoidal sweep voltage with a 1  volt 
amplitude to the PZT sensors over a frequency 
range of  between 10 kHz and 100 kHz. The Agilent 
Multiplexer 3499B enabled the possibility of 
switching between sensors so that the measurement 
process could be optimized. Initially, the imped-
ance measurements were captured before loading 
each beam so that stages D10 (first beam) and D20 
(second beam) were respectively obtained. Before 
measuring the impedances corresponding to the 
next step, the beam was previously unloaded after 
each loading stage. In the case of  beam number 1, 
results for sensors 5 and 11 were not included since 
both sensors broke before starting the tests.

5. EXPERIMENTAL RESULTS AND 
DISCUSSION

Specimen number 1 failed when the last loading 
step reached F = 69.5 kN (139 kN in total), while 
specimen number 2 failed with F = 66.5 kN (133 kN 
in total). In both cases, the dominant failure mode 
was the one expected for these kinds of strength-
ened beams: by intermediate crack debonding of the 
external CFRP reinforcement.

5.1. FBG Response to Strains

RC-Beam number 1
As detailed in Section 4, an optical sensing 

interrogator was used to collect measurements 
from all sensors at once, with the support of  a 
channel multiplexer, monitoring the structure 
not only during the load application, but also 
before and after, so the evolution of  the strains in 
the external surface of  the CFRP strip would be 
obtained during the entire loading procedure at 

Table 1.  Material properties

Property Concrete 1 Concrete 2 Steel Adhesive CFRP

E (GPa) 25.90 24.86 210 - 150

G (MPa) - - - 4300 -

fc (MPa) 27.30 24.64 510 - -

ρ (kg/m3) 2350 2350 7850 - -

v 0.2 0.2 0.3 - 0.35

e (mm) - - - 3.45 1.4
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different locations along the beam. These results 
are shown in Figure 6.

In Figure 6, sensor number 5 shows clearly 
that the strain increments after the fourth loading 
step are noticeably higher than the rest. However, 
although this fact might lead one to conclude with 
certainty that there is incipient debonding in the 

vicinity of this sensor (several flexural cracks can 
be observed in this region - Figure 7), here there 
is one limitation, which is that there is no way to 
distinguish between just a simple concentration of 
flexural cracks and the real origin of debonding 
damage. Actually, the origin of the debonding could 
be estimated after the whole test program, to be 
18 centimeters away from sensor number 5, which 
shows the sensitivity of these sensors to the appear-
ance and propagation of cracks. Sensor number 4, 
whose results clearly differ from the rest (green line 
in Figure 6), is located closer to the damage, but 
its strain increments are not significant at all (it is 
expectable that higher strain values on the strip lead 
to earlier debonding appearance due to the higher 
concentration of stresses in the area), which clearly 
lead to a misleading conclusion about the damage: 
in comparison to sensor number 5, it seems that the 
results from sensor number 4 indicate that there 
is no presence of damage in its vicinity, which is 
totally false given the damage distribution shown in 
Figure 7. Nevertheless, given the difference between 
these results and those from the rest of the sensors, 
it is reasonable to discard sensor number 4 from this 
analysis due to a possible anomaly in the measure-
ments. Finally, it is important to remark that sen-
sors numbers 2 and 3 almost obtain the same results, 
which makes sense since each of them turned out 
to be located close to a debonding region, accord-
ing to the observations made after the whole loading 
test program in Figure 8. However in practice, sen-
sor number 2 was a bit closer to its corresponding 
disbond, which could explain why, at the end of the 
strain curve, the strain increment is exponentially 
higher for sensor 2 than for sensor 3.

RC-Beam number 2
Analogue strain measurements were taken for 

beam #2, whose results are shown in Figure 9, where 

Figure 1.  Geometry, loading scheme and sensor location map for the RC beams.

Figure 2.  FBG sensors (top) and PZT sensors (bottom).

Figure 3.  Basic FBG strain sensing principle.

http://dx.doi.org/10.3989/mc.2016.05415
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all data collected from the FBGs in all loading steps 
are depicted.

From this Figure it is easy to see how FBG 
number 3 is the one collecting the highest strain 
increments among all the sensors deployed along 
the beam. This induces one to consider that this 
sensor is in the vicinity of  an area with a high con-
centration of  cracks, which may lead to debond-
ing failure, and due to the remarkable difference 
between the strain increments measured by this 
sensor and the rest, it actually seems reason-
able to conclude that the concentration of  flex-
ural cracks in this location incite the debonding 
appearance (Figures 10 and 11 would support this 
conclusion). However, according to the observa-
tions made with the previous beam, this is just a 
qualitative assessment and it is not enough for an 
accurate damage prediction. The rest of  the sen-
sors in Figure 9 show almost the same progression 
through time, clearly lower than that followed by 
FBG number 3 when increasing the loads, so no 
further conclusions could be obtained by a direct 
inspection of  the diagram except the fact that in 
all those positions the damage by debonding is, 
initially, expected to be lower.

5.2. Electromechanical Impedance Measurements

RC-Beam number 1
As mentioned earlier, an impedance analyzer 

applying a sinusoidal-sweep voltage of 1 volt was 

Figure 4.  Specimen preparation’s procedure: (a) tied stirrups and longitudinal reinforcement; (b) steel reinforcement 
inside the formwork; (c) concrete casting; (d) beams’ bottom surfaces after sand blasting operations; (e) CFRP 

reinforcement; (f) instrumentation of the beams; (g) simple supports and loads preparation

Figure 5.  Experimental setup for the RC beams 
externally strengthened with CFRP.

Table 2.  Static loading test points for each beam 
(see Figure 1) and damage stage correspondence

Beam Load F (kN) Damage Beam Load F (kN) Damage

1

1. 13 D11

2

1. 26 D21

2. 20 D12 2. 32.5 D22

3. 32.5 D13 3. 40 D23

4. 50 D14 4. 50 D24

5. 69.5 D15 5. 56.5 D25

6. 60 D26

7. 66.5 D27
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used to capture the electromechanical impedance sig-
natures of the structure, monitoring it from 10 kHz 
to 100 kHz after each static load test (Table  2). 
Initially, the impedance curves were obtained for 
all sensors in order to define, prior to the loading 
sequence, stage D10, i.e., the baseline of the beam 
in terms of impedances. These results are shown in 
Figure 12.

The differences encountered in Figure 12 between 
all the curves are due to the slightly different amount 
of adhesive used to bond each sensor to the CFRP 
surface, as well as their being caused by the soldering 
process applied to each PZT patch. The cracking map 
for this specimen once the whole test program had 
been applied is shown in Figure 7. At a first glance, it 
is easy to deduce that the mechanical capabilities of 

Figure 6.  Microstrains measured for RC-Beam #1.

Figure 7.  Cracking map of the RC-Beam #1 after the last loading stage.

Figure 8.  Damages with concrete cover separation between sensors 2 and 3 (left) and sensors 6 and 7 (right) for the RC-Beam #1.
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the structure have been significantly reduced, given 
the crack distribution along the beam, which should 
result in a noticeable impact on the electromechani-
cal impedance signatures, not only for the presence 
of the cracks themselves, but also for the deteriora-
tion of the adhesion between the concrete surface 
and the CFRP strip, which might have been com-
promised and so, it is considered as damage. Thus, 
the impedance curves are expected to have different 
shapes from one loading step to the following one, 
but not all of them in the same degree of change. 
In order to demonstrate how the debonding can be 
easily prevented in early steps from the study of the 
evolution of these impedances, the stage after the 
application of the first load is going to be analyzed 
as an example, in contrast to the undamaged status. 
No cracks were observed in the beam in this step 
(the load was lower than the critical cracking load), 
at least under human eye inspection. However, some 

of the sensors reacted (while others did not) indicat-
ing that damage had actually been caused, either in 
the inner part of the concrete or in the interphase 
between the concrete and the CFRP. This situation is 
illustrated in Figure 13, where the impedance signa-
tures for PZT #1 and PZT #3 are compared between 
Stage D10 and Stage D11. While sensor 1 does not 
seem to show any reaction to the new health condi-
tion, sensor number 3 clearly shows a modification 
of the impedance curve, specially around the high-
est frequency ranges, which suggests not only the 
presence of damage in the beam, but also and more 
important, that this damage is close to sensor 3 (35).

In order to obtain a quantitative evaluation of 
the damage from the impedance signatures, the sta-
tistical indicator RMSD is now used, as explained 
in Section 3. Since RMSD is computed for one 
stage by using the previous stage as baseline, only 
the appearance of new damage with respect to the 
baseline stage should be reflected in the RMSD 
value. Following with the example of the analysis 
of damage stage D11, Figure 14 shows the RMSD 
values for D11, where the X-axis indicates each one 
of the considered frequency ranges (number 1 cor-
responding to the 10-20 kHz range, and so on), and 
the RMSD values are indicated as a percentage.

It is clear, from the figure, that sensor 3 is the 
most affected by the damage, even when no visual 
cracks were detected during and after the loading 
process. This indicates that, around the position of 
sensor 3, there is a potential debonding location. 
By evaluating the RMSD values for the rest of  the 
sensors, it is easy to see how sensor 2 is the second 
more affected by the presence of  damage, while 
sensor 4 is practically not affected at all. From this 
fact, it can be concluded that there is a potential 
damage by debonding emerging between sensors 2 
and 3, which actually came to be confirmed at the 

Figure 9.  Microstrains measured for RC-Beam #2.

Figure 10.  Cracking map of the RC-Beam #2 
after the last loading stage.
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end of  the test program as shown in Figure 8. On 
the other hand, in Figure 14 it is also confirmed 
that, at that point of  the test program, no damage 
seems to have been originated around the position 
of  sensor 1, where no debonding was detected, as 
advanced in the analysis of  Figure 13.

After increasing the loads, as could be expected, 
all sensors experienced an increment of  their 
respective RMSD values in every damage case, 
but only the sensing regions close to sensors num-
bers 2, 7 and 9 could be considered as potentially 
affected by debonding failure, according to the 

Figure 11.  Damages with concrete cover separation between sensors 5 and 6 (left) and sensors 3 and 4 (right) for the RC-Beam #2.

Figure 12.  Impedance signatures for the initial stage (D10) of RC-Beam #1.

Figure 13.  Stage D10 vs Stage D11 comparison for sensors #1 and #3.
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specially high RMSD values found for them after 
some loading steps.

In the case of sensor number 7, the RMSD after 
D12 was 4.32% at 50–60 kHz, and it kept above 2.5% 
for the high frequency ranges until the failure of the 
beam, which supposes a noticeable and constant 
weakness of the interface between FRP and concrete 
in this region. A similar behavior is found for sensor 
number 2 after D12 (4.5% at 70–80 kHz) and after 
D13 (4.47% at 60–70 kHz), and again with values 
around 2.5% for the high frequency ranges until the 
failure of the beam. Therefore, these two regions are 
likely to suffer debonding effects, as it is actually well 
demonstrated in Figure 8. Sensor number 9, however, 
shows some high RMSD values after D13 (4.74% at 
70–80 kHz) and after D14 (4.57% at 60–70 kHz), but 
the rest of RMSD values were quite low for all the 
rest of the cases, so we consider that the interfase 
cannot be considered for debonding appearance.

RC-Beam number 2
In the same way as was done with the other spec-

imen, this beam was subjected to the correspond-
ing static loads specified in Table 2. Once again, 
the impedance measurements were captured before 
loading each beam so that stage D20 (baseline of 
the beam) could be defined. These results are shown 
in Figure 15.

Differences encountered in Figure 15 between 
all the curves are due to the same reasons detailed 
in the previous example, all of them related to the 
mechanical set-up of the experiment. Furthermore, 
the values of the impedances also differ slightly to 
the previous ones, since the compressive cylinder 
strength resulted to be lower for this specimen.

In Figure 10, the cracking map after the whole 
loading procedure is shown on one of the beam’s 
sides. As occurred with the previous specimen, the 
complex damage condition of the specimen suggests 
that its mechanical properties, as well as the adhe-
sion between concrete and CFRP, have been signifi-
cantly affected.

As in the previous example, once again, the 
RMSD value is used in order to assess the integrity 

of the structure. Figure 16 shows the RMSD values 
for each one of the frequency ranges.

Damage stage D26, which is actually very close 
to the failure condition of the beam, is analyzed this 
time in Figure 16. As can be appreciated in this figure, 
the sensors presenting higher RMSD values are sen-
sor 4 (6.28% at 80–90 kHz and 6.1% at 90–100 kHz), 
sensor 6 (10% at 80–90 kHz and 10.47% at 90–100 
kHz), sensor 3 (5.97% at 60–70 kHz and 5.36% at 
70–80 kHz), and sensor 7 (9.55% at 60–70 kHz and 
9% at 70–80 kHz). Although the indication of sen-
sor #5 is not remarkable at all in this graphic, it col-
lected a number of important RMSD high values in 
previous stages, a fact that makes that the interface 
between the FRP and the concrete becomes really 
weak in the entire region between sensor 4 and sensor 
7, being more likely the debonding appearance.

Although sensor number 7 did not show such 
remarkable RMSD values in previous stages, the 
ones collected here at lower frequency ranges than 
the rest of the sensors (sensor 6 in particular), made 
us think that this sensor also detected the weak-
ness of the interface around sensor 6 as a further 
damage at this stage. Finally, it is also clear that the 
region between sensors #3 and #4 is also likely to be 
debonded during the last loading step, given their 
high indications.

Figure 15.  Impedance signatures for the initial 
stage (D20) of RC-Beam #2.

Figure 16.  RMSD values for the comparison 
between Stage D25 and Stage D26.

Figure 14.  RMSD values for the comparison 
between Stage D10 and Stage D11.
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As pointed out in the previous paragraph, these 
predictions came to be confirmed after the following 
and last loading step of the test program, since the 
only debonding failures found in the beam appeared 
just in the location mentioned in this analysis 
(Figure 11), which proves that the work presented 
in this paper constitutes a solid experimental proce-
dure for debonding detection.

6. CONCLUSIONS

Two identical RC beams with the same steel 
reinforcement and also the same external CFRP 
strengthening were tested during the experimental 
campaign carried out for this paper, with the pur-
pose of applying smart sensors such as FBGs or 
PZTs in order to track damage evolution, thus suc-
cessfully predicting debonding appearance at the 
FRP-concrete interface. From the direct analysis 
of the strain curves for each experimental test, it is 
not possible to conclude the presence of debond-
ing in the strengthened beam, since FBG sensors 
equally respond to both kinds of damage pres-
ence in the beam: concrete cracks and interfacial 
debonding, taking into account that this interfa-
cial debonding is due to a noticeable and consider-
ably high concentration of cracks in a small region. 
For this reason, further treatment of these data is 
needed in order to obtain accurate conclusions. A 
model updating procedure might be used with this 
purpose. However, quite more precise are the con-
clusions obtained from the impedance-based direct 
analysis of the data collected by the PZT sensors, 
from which the location of the several debonding 
origins can be estimated, matching reasonably well 
with the real position of the debonding at the end of 
the test program.
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