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Abstract: Structural health monitoring can detect anomalies in time, allowing the implementation of more
efficient maintenance and repair actions in special engineering structures. An alternative in the monitoring
and evaluation of structures in civil engineering is the use of optical fibers inscribed with Bragg gratings (FBG
or Fiber Bragg Grating). This paper aims to compare available techniques to estimate the elastic module of
cementitious composites, as well as contribute to the application of optical fiber sensors in the monitoring of
strain, natural vibration frequency, damping coefficient and elastic modulus of mortar beams. The FBG
sensors manufactured and calibrated by the authors presented a good precision for measuring those parameters
in mortar samples. The results show that FBG sensors and strain gauge sensors present a similar result for
strain and estimation of the elastic module (static and dynamic), therefore, bare FBGs could be further
investigated for non-destructive testing.

Keywords: modulus of elasticity, structural analysis, impulse excitation of vibration, non-destructive testing,
optical fiber sensors.

Resumo: O monitoramento estrutural pode detectar anomalias no tempo, permitindo a implementacéo de agdes
de manutengdo e reparagdo mais eficientes em estruturas de obras de arte. Uma alternativa no monitoramento e
avaliacdo de estruturas em engenharia civil ¢ a utilizaco de fibras oticas inscritas com redes de Bragg (FBG ou
Fiber Bragg Grating). Este trabalho visa comparar as técnicas disponiveis para estimar o modulo elastico de
compositos cimenticios, bem como contribuir para a aplicagdo de sensores de fibra 6tica na avalia¢do da tensdo,
frequéncia natural de vibragdo, coeficiente de amortecimento e modulo elastico de vigas de argamassa. Os
sensores FBG fabricados e calibrados pelos autores apresentaram uma boa precisao na medigéo destes parametros
em amostras de argamassa. Os resultados mostram que os sensores FBG e strain gauges apresentam resultados
semelhantes para a deformagao especifica e estimativa do modulo eléstico (estatico e dindmico), portanto, FBGs
nuas poderiam ser investigadas mais detalhadamente em testes ndo-destrutivos.

Palavras-chave: modulo de elasticidade, analise estrutural, impulso de excitagdo de vibragdo, ensaio ndo
destrutivo, sensores em fibra Otica.
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INTRODUCTION

Young's modulus, elastic modulus or modulus of elasticity is a mechanical parameter that represents the stiffness
of a solid material that can be affected by the material chemical composition, microstructure, and defects [1]-[5]. It can
be obtained by the ratio of the requested normal stress to the specific deformation suffered by the material [6].

Determining this parameter is essential for the calculation of the serviceability requirements of structures defined by
ACI 318 Building Code for concrete structure design [7] and other international structural standards. Mindess et al. [8]
emphasize that from the elastic modulus it is possible to estimate the time of support removal during construction,
check excessive deformation of beams and estimate decompression limits, crack opening and vibration frequency in
structures. Thus, all structural analysis depends directly on the elastic modulus of materials. Although this parameter
can be estimated from the compressive strength, the elastic modulus can also be obtained experimentally by quasi-static
or dynamic tests.

In quasi-static tests, a load is uniformly applied over a section and the strain related to the load is measured during
the destructive test [9]. This methodology is the most used for the characterization of elastic modulus in concrete and
it is standardized by ASTM C469 [10].

The strain measurement during the static test is usually performed by strain gauges or displacement transducers
during the test, such as LVDTs (inductive transducers) and dial indicators (mechanical transducers) [11]-[15].
Similarly, during compression testing, some authors have already used fiber Bragg grating sensors (FBGs) to monitor
concrete strain to calculate static elastic modulus [16], [17]. FBGs are optical fiber-based sensors able to measure strain
and temperature due to its light reflection properties [18], its inscribing process and measuring principle will be further
explained.

For Mobley [19], in the dynamic tests, the aim is to evaluate the performance of the structures, thus enabling the
safety evaluation and the elaboration or confirmation of existing mathematical models. In dynamic tests, the elastic
modulus is determined from the wave ability to propagate within the material. Since this is a parameter that can be
obtained in the same sample (nondestructive testing) over a certain period, the evaluation of the dynamic elastic
modulus of concrete is widely used in the evaluation of concrete durability (diagnosis of infrastructure).

It is noteworthy that dynamic tests are not affected by creep since the vibration levels applied to the samples imply
very low stresses [20]. For this reason, Mehta and Monteiro [21] consider the dynamic elastic modulus in concrete and
mortars approximately equal to the tangent modulus at the origin of the stress-strain curve determined in the static test
and, therefore, up to 30% higher than the static modulus obtained in compression tests. In dynamic methods, the
determination of the elastic modulus depends directly on the isotropy of the material, the support conditions and the
position of the actuators and receivers.

For dynamic testing in concrete, ASTM C597 [22] standardizes the pulse velocity method for obtaining its dynamic
elastic modulus [15], [23]. While ASTM C215 [24] describes the determination of the dynamic modulus in cylindrical
samples by forced excitation using accelerometers [11], [14].

Similarly, ASTM E1875 [25] and ASTM E1876 [26] standards describe a similar vibration test (for different
geometries and materials) by forced excitation and resonance techniques, respectively. While the first method evaluates
the damped frequency of the material after an impact, the second method detects the resonance phenomenon when the
material is continuously excited at different frequencies [13], [27]. In ASTM E1875 [25] and ASTM E1876 [26]
standards, the type of sensor to be used is not described. However, the frequency response shall be measured within
1 Hz precision.

Indentation techniques can also be applied to estimate the elastic modulus of materials due to a probe penetration
on the surface of a sample. This test is usually performed on a small scale (nano and micro indentation); hence, it does
not allow the evaluation of the elastic modulus of heterogeneous materials. However, the method has already been used
in the evaluation of the elastic modulus of crystalline phases of Portland cement, for example [28]-[31].

Using FBG, some authors have already evaluated the deformation of structural elements [32]-[39], the stress
distribution within the concrete [40] and corrosion processes [41]. Dynamic and vibration tests were already performed
by FBG sensors [42]-[44]. However, no research was found in the literature to estimate the static modulus of concretes
and mortars by non-destructive simple bending tests using FBG. Also, it was not possible to find researches that have
used optical sensors to determine the dynamic elastic modulus of materials since those researches are focused on
measuring only deformations and vibration frequencies.

Given the different testing methods available for determining the elastic modulus of a material, and the different types
of sensors available, a study is required to verify the possibility of performing these tests using fiber Bragg gratings sensors
(FBQG). Also, there is a need to understand how different sensors such as the FBG can influence the final results for strain,
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natural frequency, damping coefficient and elastic modulus of materials. Table 1 shows the main contributions of this
study and the methods and sensors already used by other authors [14], [17], [27], [33]-[37], [40], [45]-[55].

Table 1. Sensors applied to mortar and concrete monitoring.

Dial indicator/

LVDT Strain gauge FBG Microphone Accelerometer
Displacement ae
Strain oe oe
Frequency of vibration oe oe oe oe
Damping coefficient oe . oe .
Static modulus by bending ° oe .
Dynamic modulus ° ° e e

o Literature review @ This study

Thus, this paper aims to present the structural evaluation of mortar beams instrumented with different sensors,
including FBG, for the determination of elastic modulus (static and dynamic). This research aims to contribute to the
comparison of existing methods and validate the use of FBG as a sensor in the determination of parameters used in the
characterization of materials and validation of structural designs, as well as in the diagnosis of existing structures.

FIBER BRAGG GRATING (FBG)

Optical fiber is a flexible and transparent filament made from extruded glass or plastic. Standard optical fiber has a
diameter of a few micrometers (125um), slightly larger than human hair, and it is often used as a conductor of coded
light [56].

Optical fiber is made up of two main components: core and cladding. The cladding reflects the diffused light into
the core, ensuring that light transmission through it has a minimal loss. Thus, light is maintained in the core through
total internal reflection effect [57]. This makes the fiber act as a waveguide, transmitting light between the two ends.

Due to the diffraction phenomenon, it is possible to change the refractive index of the glass in specific sections
periodically, creating an optical filter inside the fiber. This modification is possible due to the photosensitivity of the
optical fiber, which allows a permanent change in the refractive index in the fiber core when exposed to ultraviolet
(UV) light [53]. Although not fully understood, this phenomenon occurs due to the existence of defects related to the
incorporation of germanium atoms in the glassy structure of optical fibers during their manufacture, which when
exposed to UV radiation break their bonds and generate light absorption bands [58].

Some techniques allow the improvement of fiber photosensitivity such as increasing germanium concentration in
the fiber core and the use of co-dopants as boron during their manufacture. Another technique also used is
hydrogenation, which consists of exposing the fiber to hydrogen in a high-pressure chamber [18], [59].

After inscribing a Bragg grating in the optical fiber core, the material will develop the ability to reflect a specific
wavelength as a function of the grating spacing created. The process of acquiring or interrogating an FBG is performed
by connecting a broadband light into the fiber to monitor the optical spectrum of light transmitted or reflected by the
FBG [60], as it can be seen in Figure 1.

— JARAN
JL y Transmitted
— signal
Reflected
signal

Figure 1. Transmitted and reflected signals during the interrogation of an FBG sensor [61]
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The peak wavelength that arises after the fabrication of an FBG sensor is described by Equation 1, where 4, is the
Bragg wavelength (nm), n, is the effective fiber core refractive index, and 4 is half the spacing between phase mask

grids (nm) used during the inscribing process, known as the phase mask period [58].

Ap =2y A 1)

From this light reflection property, the reflected signal can be calibrated for changes in the sensor. When the fiber
undergoes axial deformations or temperature changes, there is a change in the microstructure spacing and, consequently,
in the Bragg wavelength. There is also some variation in the refractive index from the photoelastic effect. These effects
are independent for each existing FBG in a fiber optic segment. The strain 4¢ (um/m) and temperature 47 (°C)
sensitivity of an FBG sensor can be determined by the change in the wavelength spectrum 44, (nm), as described by

Equation 2 [62].

D5 (14 p,) A+ (as+a,)- AT @)
B

With p, being the photoelastic constant (-0.212), «, is the thermo-optical coefficient (8.3-10 °C) and «, the
coefficient of thermal expansion of the fiber (0.55-10°/°C) [63], [64].

MATERIALS AND EXPERIMENTAL PROGRAM

FBG manufacturing

For the manufacture of optical sensors, single-mode standard optical fiber (Draktel, SSMF G.652.D) with an
effective refractive index of 1.468 was used. The inscribing was performed at a wavelength of 1540.9 nm using direct
illumination by an ArF excimer laser (Coherent, Xantos XS model) operating at 193 nm with a frequency of 250 Hz
and 1.5 mJ/pulse energy. The sensor manufacture is based on the diffraction of a UV beam emitted by a pulsed LASER
using a phase mask (diffraction grating) to create a Bragg grating into the fiber core. During the inscribing process, a
couple of mirrors are used to adjust the beam height and a cylindrical lens is used to focus the beam into the fiber core.
Details on the manufacturing setup and inscribing process can be observed in Figure 2.

ArF LASER
Mirror
Diffracted beam
UV beam
Mirror
Phase mask

Cylindricallens

Optical fiber

Figure 2. FBG inscribing process

After the FBG inscribing process, the FBG was calibrated according to its response to strain. A digital dial indicator
(Mitutoyo, S1012M) was used in a servomotor apparatus for that purpose. The fibers were fixed to the metal ends of
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the apparatus using an epoxy glue with a drying period of 24 hours. For the calibration, ten wavelength measurements
were made for each fiber deformation in three stretching cycles. The measurements were performed with the aid of an
optical interrogator (MicronOptics, model SM-125).

Specimen preparation

For the evaluation of the structural elements, mortar prisms were molded using Portland cement type III according
to ASTM C150 [65] classification and natural fine aggregate. The aggregate had a specific mass of 2.73 + 0.17 g/cm®
according to ASTM C128 [66] and a fineness modulus of 2.36 according to ASTM C136 [67].

The mix design used was 1:2.75 by mass with water/cement ratio (w/c) of 0.485; the same composition used for
Portland cement compressive strength characterization according to ASTM C109 [68]. Mortars were made using the
procedures described by ASTM C305 [69] in a mechanical mixer. Three prismatic samples (25x25x285) mm were
molded, demolded at 24h and subjected to submerged cure in lime-saturated water at room temperature (22 °C) until the
test age (28 days). Cylindrical specimens (5x10) cm were also produced which presented, according to ASTM C39 [70],
at 28 days, the mechanical compressive strength of 51.2 MPa. The test was performed in a hydraulic testing machine
(EMIC, DL30000) after griding the surface of the samples.

Instrumentation and calculations

To determine the static and dynamic elastic modulus of the mortar beams, different sensors and techniques were
employed. For this, at 28 days, the beams were crimped to allow a span length of 250 mm. The cantilevered boundary
condition was adopted because it can be used for all techniques and would produce equivalent results. Also, higher
displacements and lower frequencies are obtained from this condition, allowing a higher precision on the measurements.
Figure 3 shows the positioning of all sensors used in the mortar beam, although each sensor was used separately. For
the static tests, five consecutive sample loads (1, 2, 3, 4 and 5 kg) were performed, and for each specimen, the tests

were repeated 3 times.
Microphone I
Acelerometer

FBG —_——
Dial
indicator

Strain gauge

Figure 3. Cantilevered mortar beam and sensors

At the end of the beam, a digital dial indicator (Mitutoyo, S1012M) with a 0.01 pm precision was positioned with
the aid of a magnetic rod. By reading the beam vertical displacement s (m) in the digital dial indicator it was possible
to determine the static modulus £ (Pa) by Equation 3 [71]. Where P is the load (N), L the span length (m) and / the
moment of inertia of the beam section (m*).

P-L?
= 3
E 3-0-1 ®)

Near to the beam support, strain gauge and FBG sensors were fixed. For the FBG sensor, initially, the acrylate layer
from the fiber optic region was removed to ensure the adhesion between the fiber cladding and the resin. The optical
fiber had to be placed slightly tensioned, allowing tensile and compression measurements in the sample. Therefore, one
extremity of the sensor was glue, then the other end of the fiber was manually pulled (generating 2 nm displacements
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in the reflected spectrum) and the other end of the sensor was fixed. For this, a short drying period light-curable resin
(Opeallis Flow, FMG) was used. The FBG sensor installation and static loading can be seen in Figure 4. The acquisition
of the FBG (reflected signal spectrum evaluation) data was performed by an optical interrogator (Microoptics, model
SM-130). For the test, a sampling frequency of 1 kHz was used.

(b)

Figure 4. FBG instrumentation details: (a) resin UV curing, (b) final instrumentation and (c) cantilevered beam during static
loadings

The linear grid strain gauge (Omega, model SGD-10/120-LY11), with 120 Q electrical resistance and a 10 mm grid,
was fixed using cyanoacrylate glue all over its surface with a 24-hour drying time. The acquisition of its signal was
performed in a data acquirer (Lynx, model ADS2000) with a sampling frequency of 1kHz that used a quarter-bridge
circuit for signal balancing.

From the strain values obtained by the FBG and the strain gauge, it was possible to calculate the equivalent static
elastic modulus £ (Pa) from Equation 4 [71]. This equation was also used to estimate the specific strain equivalent to
the vertical displacement recorded by the dial indicator. In Equation 4, P is the applied load (N), £ the span length
(m), b the section width (m), » the section height (m) and ¢ the measured strain (m/m). Since the strain (¢) was
measured a few millimeters from the crimp, the measured value at the center of the sensor was adjusted to the crimped
point based on triangle similarity.

6-P-L

E=
b’ e

“4)

In addition to the strain gauge and FBG, the dynamic modulus was calculated using a high-precision accelerometer
with a capacity up to 5 gravities (Kyowa, AS-5GB) connected to a data acquirer on a full-bridge circuit (Lynx, model
ADS2000).

During the dynamic test, the beam was excited by a light tap its extremity using a 200 g metal bar according to
ASTM E1875 [25], allowing it to go into dampened vibration with a temporal signal acquisition. It is noteworthy that
the intensity of the excitation does not interfere with the frequency of vibration, material damping and the calculated
elastic modulus. For each beam, the tests were also repeated 3 times.

After the acquisition, a Fast Fourier Transform (FFT) was performed, which converts the signal from the time
domain to a representation in the frequency domain, allowing the natural vibration frequency of the material to be
obtained.
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Using Equation 5, it was possible to calculate the dynamic elastic modulus. Where E is the elastic modulus (Pa),
7/, 1s the natural vibration frequency for the first vibrational mode (Hz), 4, is the constant of the first vibrational mode

(47 =1.875%), L is spam length (m), I the moment of inertia (m*) and A the mass per meter or linear mass of the
beam (kg/m).

> 2
M L
E=I{2-7r¢f,-[ﬂl] J %)

The dynamic test was also performed on the SONELASTIC apparatus (ATCP Brand) following the requirements
of ASTM E1876 [26] and ASTM C215 [24]. In the test, a directional microphone (CA-DP) is used to capture the
acoustic pickup from the excited beam.

In this case, the intensity of a mechanical wave passing through the solid is acquired, and the dynamic modulus
calculation follows Equation 6, described by ASTM E1876 [26]. In which, E is the elastic modulus (Pa), m the mass
of the beam (kg), s, the natural vibration frequency for the first vibration mode (Hz), » the section width (m), L the

span length (m), » the height of the section (m), 7, the correction factor for prismatic geometry (-).

hJ

E =0.9465- {’”Tﬁz} . (Ej T (6)

From the vibration tests, it was possible to calculate the damping coefficient of the mortar. The damping coefficient
£ (-) was estimated by the logarithmic decrement method, according to Equation 7 [72]. In the equation, 4, represents

the initial amplitude and 4, represents the amplitude (in the sensor measurement unit) after » vibration cycles. For the
calculation, the reading was always performed on the tenth oscillation of the damped wave.

=5t .mbﬂj (M)

Finally, numerical modeling of the beam was performed to determine the theoretical strain near the support and the
natural vibration frequency via finite element methods (FEM). This method was only used as a comparison basis to
verify how experimental results would deviate from the theoretical model. For this, a finite shell element was used in a
mesh with dimensions of 2 mm and the elastic modulus adopted was the one estimated by ACI 318 [7]. Usually, this
method is used to estimate serviceability criteria in structure design and can be calculated by Equation 8, where f,, is

the characteristic compressive strength of concrete at 28 days (Pa). Although there are several models for the estimation
of the elastic modulus based on the concrete mechanical strength [27], the American building code requirements for
structural concrete was adopted since this is the most widely used for structural design analysis. This model considers
the compressive strength measured in cylindrical specimens for the estimation of the elastic module of the whole
structure, including any slender beams.

E=4700-\f ®)

From the numerical simulation (FEM) it was possible to estimate in the cantilevered beam the theoretical strain near
the support and vertical displacement at the end, as well as the theoretical natural frequency. Figure 5 presents a
flowchart summarizing the tests and simulations performed and the parameters obtained for the calculation of the static
and dynamic elastic modulus in this paper.
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Strain Strain gauge
Natural
- frequency
Staic
modulus

Microphone
- — Dynamic
Displacement H Dial indicator ‘ modulus

Figure 5. Evaluated techniques flowchart
RESULTS AND DISCUSSION

FBG sensor calibration

During the FBG calibration, the optical fiber was pulled on a metal apparatus and the strain was monitored by a dial
indicator. Figure 6a shows the loading cycles and Figure 6b shows the calibration of the FBG sensor.

1545 3000
= Samples
4 | ——Linear Fit
2500 — [ Confidence 95%
1544 —| €
€ =
p g &
g 5
g 1543 — %
e b5
£ | g
1542 — g
1541 —— 7 .
0 200 400 600 800 1000 0 500 1000 1500 2000 2500
Time (s) Strain (um/m)

(a) (b)

Figure 6. Sensor calibration: (a) Strain cycles during calibration and (b) FBG linear calibration

It is observed that during loading cycles there was no hysteresis (conservation of deformation after unloading) and
no nonlinear variations in wavelength during calibration. After a linear adjustment, the FBG sensor had a sensitivity of
1.2180 pm/pum/m, or 1.2180 pm/ ¢, with an adjusted R? of 0.9989. Figure 6b still shows the confidence interval of 95%,
which remained close to the linear adjustment.

From Equation 2, it is possible to estimate the theoretical calibration of the sensor. Therefore, considering the
photoelastic fiber constant as -0.212 (the default value for single-mode fibers) and the recording length as 1540.9 nm,
the theoretical value of the wavelength variation as a function of the strain is 1.2142 pm/ ¢, result 0.31% lower than the
experimental data obtained.

This variation is permissible and may be related to differences in fiber photoelastic properties or variations in
effective fiber wavelength after the inscribing process. The value found for the strain sensitivity obtained for FBG is
also close to values obtained or indicated by other authors [57], [58], [73]-[75]. Thus, the sensor presented a linear
elastic behavior with low variation (mean error of 5 pm) in the readings, thus indicating a good precision for strain
measurements in structural elements.

Static modulus

For the determination of the static elastic modulus, the mortar cantilevered beams were loaded at its end so that the
sensor measurements could be performed. For the FBG test, it was possible to identify the displacement of the reflected
spectrum by the optical sensor as a function of the loads applied, as shown in Figure 7.
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Figure 7. FBG reflected peak during loadings

As the load increased, the wavelength increased, as expected, due to the distancing of the Bragg grating. During the
loading, there was no change in the spectrum shape, which averaged a full width at half maximum (FWHM) of
0.3205 nm £ 0.0012 nm and reflected peak intensity of 11.702 + 0.035 dBm. In the FEM simulation, it was possible to
verify the stress distribution along the beam length (Figure 8).

)i
f b EEEE i
L
l 1
l OJEEm
-6 MPa 0 N[1Pa 6 MPa
‘ I . =

Figure 8. Beam stress distribution via FEM

In Figure 8, it is observed that there was an increase in the stress concentration near the beam support, with negative
values (tensile) on the upper face and positive values (compression) on the lower face, symmetrically. From the results,
it is noted that the mesh used to verify the stress distribution and beam deformations was adequate since the simulation
presents a good stress distribution and it is possible to verify at different points the geometric properties of the element.
With the measurements obtained by the dial indicator, FBG, strain gauge and FEM simulation, it was possible to
compare the values of the strain obtained near the support, Figure 9.
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FEM
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Figure 9. Strain measured by sensors
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During loading, only the dial indicator readings showed a slight deviation when compared to the other
readings. It is noteworthy that the test performed with the dial indicator was the only methodology that
evaluated the vertical displacement of the beam, while the others measured the strain itself. The dial indicator
was also the only sensor that relied on the visual record of the readings. Although the sensor was positioned
ensuring the perpendicularity between the beam and the sensor, Montija [76] states that readings with
displacement transducers may vary due to the difficulty of guaranteeing the perpendicularity of the measuring
rod to the monitored element, as well as that part of the sensor deforms during the readings. The comparison
of the results obtained for the static elastic modulus of the mortar beams is presented in Figure 10.

50
o 45 —
n_ —
Q 40 — -
> - B ——
S 35 —_ACl 318 = n
& 30 — L —
o = i
‘5 25 —
pre 4
2 20 —
3 i
2 15 — [ 125%-75%
o 10 T Limit
b= i — Median
n — = Average
i <o Outliers
[ [ [
Dial indicator FBG Strain gauge

Figure 10. Static elastic modulus of the mortar beam

After performing an analysis of variance (ANOVA), at a significance level of 0.05, it was possible to prove
that the methods used influenced the elastic modulus values obtained. It was also observed, after means
comparison by Tukey at a significance level of 0.05, that there were no significant differences between the
elastic modulus obtained by the FBG and the strain gauge. Thus, it can be stated that the dial indicator
underestimated the elastic modulus by 10% when compared to the theoretical value estimated by ACI 318 [7]
of 34.06 GPa.

The average value obtained by the FBG and the strain gauge was 33.95 + 0.59 GPa, a result 2% lower than
that obtained by the ACI building code. Thus, it is possible to state that the optical fiber sensor made it possible
to determine the elastic modulus with good precision and similar to the electric strain gauge - the most used
method to evaluate strain in structures. The FBG was the methodology that presented the median of the data
distribution closest to its theoretical value, indicating good reliability. It is not known which measurement
yields the correct results since all techniques adopted are an estimation of the measured parameter. Therefore,
authors must state the method adopted in their research and take into consideration the influence of the
boundary condition and sensor used.

Although there is a variation in the aggregate and cement properties, it was possible to find in the literature
a 35 GPa static modulus of mortars with the same mix design used in this paper [13], [77], [78].

Dynamic modulus

To calculate the dynamic elastic modulus, the mortar beams were excited and the damped vibration signal
was recorded over time. This signal, after processed (fast Fourier transform - FFT), allowed the verification of
the dominant frequencies, referring to how many oscillations the beam suffered in the interval equivalent to
one second. The damped vibration spectrum over time and the frequency domain spectrum of the performed
tests are shown in Figure 11 to Figure 14.
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The obtained frequency is presented as a function of the root mean square (RMS) amplitude - a statistical measure
of the magnitude of the sensor. From the results, it was possible to verify that all sensors allowed the acquisition of
beam vibration with good precision (well-defined damping coefficient and frequency peak). For the microphone, a high
frequency is observed since the sensor registered a sound wave and not strain measurements like the other sensors.
Figure 15 shows the average values of the natural frequencies.
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Figure 15. Natural resonant vibration frequencies

It is observed in Figure 15 that each sensor presented a distinct natural frequency of vibration. In the statistical
analysis, the results obtained by the microphone were disregarded, since the obtained frequencies are in another order
of magnitude (kHz). After the ANOVA test, it was proved that the means are statistically different from each other and,
therefore, the method/sensor used to measure the vibration influenced the frequencies obtained. It was also observed
that only the FBG and strain gauge methods did not present statistically significant differences (Tukey with a 95%
confidence level).

Thus, it is possible to state that the estimated theoretical frequency via FEM was the highest among the techniques
used, due to the use of the elastic modulus estimated by ACI 318 [7]. The result obtained by the accelerometer was
33% lower than the estimated theoretical value via FEM. The average frequency value obtained by the FBG and the
strain gauge were on average 25% lower than the theoretical value. Silva et al. [53], during dynamic tests, also verified
no statistically significant differences between vibration frequencies in concrete and wood beams using strain gauge
and FBG. Since the natural vibration frequency depends on the geometry, it is not possible to compare the values
obtained in this research with other works in the literature. By applying the logarithmic decrement method, according
to Equation 7, it was possible to estimate the damping coefficient of the beam by the sensors (Figure 16).
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Figure 16. Sample damping coefficient

Rev. IBRACON Estrut. Mater., vol. 14, no. 3, 14312, 2021 12/17



G. Macioski, V. Oliveira, and M. H. F. Medeiros

After the ANOVA test at a significance level of 0.05, no significant differences were found between the means
obtained. Therefore, the type of sensor used did not influence the material damping coefficient measurement, which
presented an average of 0.0279.

Since the damping coefficient is an intrinsic property of the material, as it is the elastic modulus, and does not
depend on the geometry of the structural element, it can be verified that the obtained value is similar to what was found
by other authors. In mortar specimens, Gidrao [13] observed damping coefficients from 0.02 to 0.14 and Swamy and
Rigby [79] between 0.02 and 0.15. After signal acquisition and processing, the dynamic elastic modulus of the beams
was calculated. Figure 17 presents the obtained values for the dynamic elastic modulus.
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Figure 17. Dynamic elastic modulus of the mortar beam

From the results of the statistical analysis (ANOVA) it is possible to conclude that, at a confidence level of 0.05,
there are significant differences between the means of the used methods. In the Tukey test, the results obtained by the
FBG and the strain gauge are not statistically different. This finding highlights the accuracy in detecting the natural
vibration frequency and the elastic modulus obtained by the optical fiber sensor (FBG) and proves the feasibility of its
use in the monitoring of concrete structures.

The dynamic elastic modulus for the same mortar beams ranged from 15.12 to 23.42 GPa, and all results were below
the estimated value by ACI 318 [7] of 34.06 GPa. When compared with the static modulus obtained by FBG, the same
method for the dynamic test showed an average reduction of 40% in the values. The pulse velocity tends to reduce
slightly as the length decreases due to the increased attenuation of higher frequency components [80]. Therefore, the
lower values for the dynamic elastic module could be explained by the length of the specimen which did not affect the
static measurements. So, this behavior must be considered during inspections of slender or long members since low
elastic module values could be obtained due to the sample geometry.

CONCLUSIONS

Different methods are used in this paper to obtain the same properties of a material. The research presents a state of
the art on methods and sensors for structural experimental analysis. From the results obtained in the study of the static
and dynamic modulus of mortar beams by different methods, it can be concluded that:

*  The results show how the sensor and technique adopted can influence the final results, Thence, it is essential
that published papers state the details on their experiment and take the sensor and boundary conditions into
consideration during their analysis.

»  FBG sensor had a sensitivity of 1.2180 pm/um/m, with an adjusted R? of 0.9989, result 0.31% higher than the
theoretical adjustment. Overall, the optical fiber sensor (FBG) presented a good precision for measuring strain,
natural vibration frequency, damping coefficient and elastic modulus (static and dynamic) of the mortar.

*  There is a nonlinear behavior of the vertical displacement of the beam acquired by the dial indicator in the
static test, which underestimated 10% the elastic modulus values of the material. And it was proved that the
theoretical model proposed by the American Concrete Institute (ACI) to calculate the static elastic modulus of
concrete is reliable
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*  The type of sensor/method did not influence the material damping coefficient measurement, which presented
an average of 0.0279. Although the results are consistent, further investigations are required to evaluate how
this property can be influenced by the material and its geometry.

*  There were no significant differences between the static and dynamic elastic modulus obtained by the FBG
and the strain gauge. Therefore, the optical fiber sensor (FBG) presented a high accuracy in the detection of
the strain, natural vibration frequency, damping coefficient and elastic modulus of the mortar beams and could
be used for structural instrumentation.

*  When compared with the static modulus obtained by FBG, the same method for the dynamic test showed an
average reduction of 40% in the values due to the length of the specimen which only affected the dynamic
measurements.
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