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A detecting method of investigating the function of crack width versus fiber Bragg grating (FBG) spectrum deformation

was proposed. In this paper, the bond-slip model of deformed steel bar in concrete slab was used to calculate the crack

width. The stress distributions along optic-fiber grating were extracted by the three-dimensional (3D) finite element

method (FEM) and the spectrum deformation of FBG induced by the uneven distribution of the stress was calculated. Ex-

periments were carried out with an FBG fixed on the bottom of concrete slab. The crack width and FBG spectrum defor-

mation of experimental results were given, and the function of crack width versus wavelength shift of FBG sensor was

given also. The proposed technology in this paper could improve the safety of large-scale concrete building by early iden-

tification of structural crack.
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Recently the health monitoring of large buildings has
attracted more and more attention. Strain gauges''’ have
been used for such applications and they will continue to
provide useful information about structural strains and
deformations. The use of embedded fiber Bragg grating
(FBG) sensor™! has been a major consideration for
damage identification in the field of structural health
monitoring (SHM).

Many researchers have investigated the use of em-
bedded FBG sensors for damage detection in composites
in real time. In most of these works, the spectrum re-
sponses of the fiber Bragg grating based optical sensor
were used to obtain quantitative information regarding
the crack density', crack locations'™, and delamination
length!®. Compared with composite, concrete was a spe-
cial kind of compound construction material that mainly
contains high-quality cements and cementitious ingredi-
ents mixed in proper amounts. There were different types
of deterioration in concrete structures based on different
reasons. KESAVAN! analyzed the application of FSOs
integrated inside the concrete structures to sense, monitor,
and track the overall deterioration and to be able to take
appropriate steps. RODRIGUES™ studied, experimented
an FBG-based sensor by applying optical FBG sensing
technology embedded in the concrete structured bridges
with detailed operation mode. SU"! studied the bending
loss mechanism of optical fiber and presented the moni-
toring method of hydraulic concrete crack.

Formation of cracks in reinforced concrete structures
was a complex phenomenon. The first stage of cracking
was induced by shrinkage, corrosive effects and so on.
The secondary crack formation was usually resulted from
the difference of inextensibility between concrete and
steel, and the bonding forces existing between the two.
This kind of crack was usually studied by analyzing the
model of the loaded reinforced concrete slabs in tension,
just as done in this paper. The third stage of cracking!'”,
always referred to as the equilibrium stage, occurred
when no further secondary cracks could be formed, and
existing cracks continue to widen.

In this paper, it was assumed that the crack was in-
duced by the deformation difference between rebar and
concrete, so the crack width @ was represented by the
following equation!'!

w:](s -g, )dx, (1)

where l(jn is the crack spacing, and &g, and &, are the
strains of rebars and concrete slab in a crack, respec-
tively.

Fig.1 showed the schematic diagram of finite element
method (FEM) model. The size of the concrete specimen
was 550 mmx150 mmx150 mm. The strength grade of
concrete used in experiment was C30. The steel strain
gauges fixed on the main rebars were used to measure
the steel strains. The FBG stress sensor was fixed on the
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bottom of the concrete beam. The grating length was
8 mm, the core diameter, inner and outer cladding di-
ameter of the grating were 10 um, 125 um and 250 pm,
respectively. The FBG was packaged by stainless steel
tube with length of 100 mm to resist damage induced by
external force. The two ends of FBG sensor were fixed
on the pouring bolts by universal joints. The maximum
wavelength extending of the grating was fixed to less
than 4.5 nm to prevent grating breakage.

Fig.1 FEM model, including rebars, FBG sensor, strain
gages embedded in concrete slab

Another FBG temperature sensor is fixed along the
stress sensor for temperature compensation. According to
the load direction shown in Fig.2, FBGs were placed
along the Z axis shown in Fig.1. As the expected maxi-
mum crack width was less than 5 mm, the FBGs were
deployed around the middle of the planned crack length.
In addition, the FBGs deploy area is at least 2 mm away
from the crack propagation path to avoid debonding of
the FBGs due to perturbation of the crack propagation.

Fig.2 showed the loading illustrative diagram. The
four-point bending test of reinforced concrete slab was
implemented through the universal testing machine.

Applied load
550 mm
Concrete beam 1
I v mim
Supporting pad Induced crack Supporting pad

Fig.2 lllustrative diagram of four-point bending test

In the experiment system!'”, a quasi-static tensile load
was applied to the concrete beam. Tensile load was
measured with a load cell and the strain of steel bar was
collected by a data acquisition collector which was con-
nected with four steel strain gauges showed in Fig.1. The
optical fiber grating was illuminated by a broadband
source, whose wavelength range was from 1520 nm to
1570 nm. The reflection spectrum was obtained by using
an optical spectrum analyzer (Anritsu MS9740A) while
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the loading machine was stopped at various values of the
tensile load. The wavelength resolution of the optical
spectrum analyzer was 0.03 nm.

When the FBG was subjected to service load, various
portions of the FBG were under different magnitudes of
strain and therefore reflected a wavelength at the corre-
sponding length. The FBG acted as a number of smaller
FBGs. This resulted in peak splitting of reflection spec-
trum!"*'"*!. Spectral simulations of FBG sensor were im-
plemented based on the transfer matrix formalism!'”, in
which the grating was divided in to m uniform
sub-gratings. E'(z) and E (z) were defined as the slowly
varying amplitudes of the forward and backward travel-
ing waves. The propagation through each uniform
section was described by a matrix T'ppg.

M RHED @

Once all the matrixes of the individual sections were
known, the output amplitudes was obtained as

E‘mJr 1 2 m E‘O+
E- :TFBG'TFBG """ T FBG E- | (3)

m 0
To simulate the locally pressed FBG as shown in Fig.1
with this equation, we considered the grating length as
the area where the changes of refractive index An.g; were
translated into a shift of the Bragg wavelength Alg. The
refractive index changed at any point M(x, y, z) of FBG
in the grating zone were given as!'*'>');

Mg, (x.0.2) == (p ~2vpa) o, (2)
[(l_v)pIZ _Vpn:H: (X ya xya :|} (4)
Anem‘(x,y,Z)=—ZebT{(p.l 2vp,)o, (x,y,2)+

[(l—v)p12 —vp”][ax(x,y,z)+cz (x,y,z)]} , %)
where nem and negy, were the effective FBG refractive
indices of x-polarization and y-polarization, £ and v were
the Young’s modulus and the Poisson’s coefficient of the
optical fiber, p;; and p;, were the photo-elastic coeffi-
cients of the optical fiber, o, g, and o. obtained from the
FEM model were the stress components at any point M(x,
¥, z) in the FBG in x, y and z directions. The FBG reflec-
tion wavelength based on Eqs.(4) and (5) were given as

Aﬂﬁx(x’y7z):_ncﬁ/‘)

[(I—V)Plz —vpn][a‘, (x,y,z) +0, (x,y,z)]} +
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where A, and n. was the periodicity and refractive pa-
rameter of fiber core, respectively.

The mechanical properties of the used materials were
all listed in Tabs.1 and 2. In the tables, f; and fy were the
compression and tensile strength of rebars, ¢ was the
rebar diameter, and Ag=2n.pA1y was the FBG peak wave-
length.The reconstruction of FBG sensor reflective spec-
trum using transfer matrix method approach was studied
with Matlab. The reconstructed FBG reflective spectra at
various loads were given in Fig.3(a). The spectra
changed remarkably with the variation of strain distribu-
tions.

Tab.1 Parameters of concrete slab and rebars used in
FEM

E(GPa) v fix(MPa) fx(MPa) ¢ (mm)
Concrete slab 30 0.2 34.8 3.4 J—
Rebars 210 0.3 235 235 8

Tab.2 Parameters of FBG used for the spectrum cal-
culation

Ao (um) Aefr v Pu P12
1.55 1.45 0.17 0.121 0.27

The measured reflective spectra of FBG sensor were
illustrated at various times. As illustrated in Fig.3(b), the
reflective spectrum was symmetrical and had a major
peak at the initial stage, and then the measured reflection
spectra were distorted significantly with increasing load
applied. With the load increasing, the spectra were
broadened clearly and the intensity of side lobes in-
creased as well. For the non-uniform distribution, it can
be seen that the intensity of side lobes increased asym-
metrically with the stress increasing. The experimental
results provided a good fitting with the calculated spec-
tra.

The differences between calculated spectra in Fig.3(a)
and measured ones in Fig.3(b) were mainly induced by
the fact that the stresses extracted from FEM were dif-
ferent from those experimental data. The stresses differ-
ences came from the values deviations, such as the com-
pression and tensile strength of concrete slab and rebars,
the package of FBG and et al. In addition, the position
difference between the FBG sensor in the FEM model
and the real embedded positon in the concrete slab would
also result in errors. Compared with the measured reflec-
tion spectra, the calculated ones had larger wavelength
shifts. The calculated peak wavelength was up to
1 556.6 nm whereas the measured one was 1 556.1 nm
when the load was 9 kN. However, the calculated results
still reproduced the measured spectrum changes, such as
the highest peak, spectrum width, and the position of
other peaks, very well.

The FBG wavelength shifts and crack width of con-
crete slab as a function of applied load were shown in
Fig.4.
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(b) Measured reflection spectra corresponding to the calculated ones

Fig.3 Calculated and measured reflection spectra at
various tensile strains of 9 kN, 35 kN, 36 kN, 37 kN,
40 kN and 41 kN, respectively

The parameters of stress and temperature sensors used
in experiments were showed in Tab.3. 4, and 2,

were the initial wavelength of stress and temperature
sensors after installation, respectively. K, was the dis-
placement coefficient of stress sensor, K, band Kr

er
were the temperature coefficient of stress and tempera-
ture sensor, respectively.
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Fig.4 FBG wavelength shifts and crack width of con-
crete slab as a function of applied load

Tab.3 Parameters of FBG sensors used in experi-
ments

2, (nm)
1555.7

2y, (nm) K, K, /K,
1535.4 46.59 1
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Compared with the theoretical calculation result of
22 kN, the first crack appeared when the applied load
was 28.9 kN in the experiment. This difference came
from the values deviations, such as the compression and
tensile strength of concrete slab and rebar, etc. Fig.4
shows that the measured wavelength shift was 4.9 nm
when the load increased to 54.9 kN under which the re-
bar yielded completely. In fact, other three concrete
beams were fatigue loaded during the course of experi-
ment. We found that the FBG broke when load increased
to over 55 kN. The variation of crack width with differ-
ent loads was shown in Fig.6.

By analyzing the experimental results presented in
Fig.4, the function of crack width @ versus wavelength
shift of FBG stress sensor was given as follows

K,
o=k, {(/lg —A, )= (4 -4, )] (8)
KT
In addition, by comparing the wavelength shift of FBG
sensor and the variation of crack width obtained in ex-
periments, it was demonstrated that the crack test accuracy
and test range is up to 0.02 mm and 0.7 mm, respectively.

(c) 54.9 kN

Fig.5 The variation of crack width with different loads
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Fig.3 showed the spectrum distortion with an increase
of load, we found that 6 dB width of the reflection spec-
tra changed obviously in both the experimental results
and the theoretical calculations. The 6 dB spectrum
width was defined as the width at a quarter of the reflec-
tivity peak and was plotted as a function of the crack
width in Fig.6. Though the calculated spectrum at
F=36 kN in Fig.3(a) was still narrow and had only one
reflectivity peak, whereas the measured 6 dB spectrum
width was much larger as shown in Fig.3(b). Besides the
influence of the parameters deviation between the FEM
and experimental test, this was partly induced by the
residual stresses applied to the FBG sensor during the
curing process. Fig.6 showed that the 6 dB spectrum
width increased consistently with the crack width and it
was found that the crack width could be evaluated relia-
bly depending on the spectrum width in general.
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Fig.6 Relationship between the spectrum width and
the crack width

Fig.3 also showed that the side mode intensity varied
with the increasing load. Like the central wavelength
shifts showed in Fig.4, the intensity ratio of the peak
mode to the secondary one was recorded as the reference,
the ratio versus crack width was used as the damage in-
dex as shown in Fig.7. The solid and the dashed lines
were the measured and calculated results respectively.
The results showed that the intensity ratio of FBG sensor
changed significantly with crack widening. This phe-
nomenon should be caused by the stress distribution that
varied with different crack width. The results showed the
calculated and the measured spectra had the same ten-
dency. The error between the calculated and the experi-
mental results was that the positional and parametric
deviation of the FBG sensor in the FEM model from the
real one in the experimental specimen.

To further illustrate the reliability of 8-mm-long FBG
sensor under tensile load experiments, the spectra of
FBG sensors were recorded with different experiment
specimen. One may note that the FBG sensor holds its
integrity for the entire duration of the test and does not
show any noticeable degradation, which clearly points
out the reliability and accuracy of the measurement.
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Fig.7 Ratio of the maximal side-mode to peak inten-
sity changes versus crack width

An approach was presented to implement the crack
detection in concreted structure based on the reflection
behavior of FBG sensor. With regard to the application

of this technique for practical use, there exist some issues.

The FBG sensors could detect only one transverse cracks
around the sensors. If there were two or more transverse
cracks, the combined action of multiple cracks would
also cause the peak wavelength shift, the spectrum width
widening and the ratio increase of the peak mode to the
secondary one. So the load should be able to make the
crack extend along the direction of the pre-crack to en-
sure the reliability and accuracy of the measurement.
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