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Reinforced concrete structural elements, as an important component of buildings and structures, require inspection for the
purposes of crack detection which is an important part of structural health monitoring. Now existing crack detection methods
usually use a single technology and can only detect internal or external cracks. In this paper, the authors propose a new sensing
system combining BOFDA (Brillouin optical frequency-domain analysis) and FBG (fiber Bragg grating) technology, which are
used to detect internal and surface cracks and their development in reinforced concrete structures, and an attempt is made to
estimate the width of surface cracks. In these experiments, a special reinforced concrete beam structure was designed by the author
for crack detection under load. Four continuous distributed optical fibers are fixed on the steel skeleton, which is located within
the reinforced concrete beam. /ree FBG sensors are fixed on the lower surface of the beam, near its centre. By analysing the
sensor data, it can be found that the BOFDA-distributed fiber can be used to detect internal cracking before surface cracking, and
the difference between scans can be used to judge the time of onset of internal cracking, but the relative error in position is about
5%, while the FBG sensor can detect the cracking time of microcracks on the lower surface in near-real-time and can be used to
calculate the crack width. /rough the experiment, it is found that if the combination of BOFDA and FBG technology is adopted,
we can initially use the strain data obtained by multiple groups of BOFDA monitoring to predict the general location of the
internal cracks, then to monitor the exact location of the surface cracks by FBG in the medium term, and to estimate the width of
the final expansion of the cracks finally.

1. Introduction

Reinforced concrete structures are widely used [1, 2] due to
load and other mechanical factors, and the concrete
structure may crack [3, 4]. /ese cracks may develop into
large cracks that can pose a threat to the safety of the
structure with time, so it is necessary to monitor the cracks
[5–7]. /ere are two types of cracks in reinforced concrete
beams, surface cracks [8, 9] and internal cracks [10–12].
When the crack occurs inside the beam, it gradually develops
and internal cracks penetrate the surface cracks, which re-
sults in structural damage. /e two cracks often form cracks
inside and outside the structure. For the monitoring of

cracks in reinforced concrete structures, traditional methods
include identification from visual images [13–15], resistance
strain gauges [16], the ultrasonic rebound method [17, 18],
and the X-ray CT method [19, 20]; however, due to the
influence of external environmental factors, the cracking of
a reinforced concrete structure is often random. /e above
methods require manual assistance and suffer from hys-
teresis and thus cannot realise long-term, real-time, ex-
tensive monitoring.

/e use of optical fiber sensing for crack detection is
a new technology developed in recent years. It has the
advantages of real-time monitoring, dynamic data logging,
and high precision. Optical fiber sensing technology can be
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divided into two types: distributed and point [21–23].
Distributed optical fiber sensing technology for crack
monitoring includes OTDR (optical time-domain re-
flectometer) [24, 25], BOTDR (Brillouin optical time-
domain reflectometer) [26, 27], BOTDA (Brillouin optical
time-domain analysis) [28–30], BOFDA (Brillouin optical
frequency-domain analysis) [31], and BOCDA (Brillouin
optical correlation-domain analysis) [32]. /ey can allow
continuous monitoring, but their accuracy is low./e point-
based fiber optic sensors used in crack monitoring are
mainly FBG technology, and a large number of FBG sensors
are used for crackmonitoring in concrete structures [33–38].
Zaidi and Krebber proposed a BOFDA/FBG sensor system
for simultaneous temperature/strain measurements [39],
which provides inspiration for the integration of BOFDA
and FBG for monitoring internal and external cracks.
However, there is little reported research on the monitoring
of cracks in reinforced concrete structures using a combi-
nation of distributed (BOFDA) and point (FBG) methods.
BOFDA is a distributed technology which can detect the
location of cracks in the whole optical fiber area but has low
spatial resolution. In contrast, FBG has a high position
measurement precision, and it should be placed in a critical
stress location to compensate for the lack of spatial reso-
lution of BOFDA. /e authors will try to use both BOFDA
and FBG techniques to monitor the cracks at the same time
in this paper.

/is paper is organised as follows: in Section 2, the
principles of BOFDA sensing and FBG sensing technology
are described briefly; in Section 3, the experimental setup is
introduced, including the design of a reinforced concrete
beam and the fixing of BOFDA and FBG sensors thereon; in
Section 4, an analysis of BOFDA and FBG experimental
data is presented; and in Section 5, the conclusions are
summarised.

2. Sensing Principle of BOFDA and FBG

2.1. BOFDA. BOFDA (Brillouin optical frequency-domain
analysis) technology is proposed by Garus et al. and en-
shrines the basic principles of BOFDA technology, as well as
using pulsed light and probe lighting [40]. Relationships
between temperature, strain, and Brillouin optical frequency
drift were used to obtain the information of each mea-
surement point on the fiber:

]B(ε, T)
d]B(T)

dT
T−T0(  � ]B(0) +

d]B(ε)
dε

ε, (1)

where ]B(0) is the Brillouin frequency shift in the initial
state, ]B(ε, T) is the Brillouin frequency shift at any time,
(d]B(T))/dT is the temperature term, (d]B(ε))/dε is the
strain term, (T−T0) is the temperature change, and ε is the
change in strain. When the temperature effect is ignored,
Equation (1) is simplified to

]B(ε) � ]B(0) +
d]B(ε)

dε
ε. (2)

/e following formula can be derived from Formula (2):

ε
dε

�
]B(ε)− ]B(0)

d]B(ε)
. (3)

/e expression of strain ε can be obtained from Formula
(3), and it is also the key variable to crack detection:

ε � −
Δ]B

]B∗Ks
, (4)

where ]B is the average frequency, Ks� 0.78. When internal
cracks are not easy to find, time series data of strain are used
to detect cracks. In the case where the value of the data
sequence is abrupt (usually the spike), it is determined that
the location of the crack occurs. In addition, it can be verified
by the location of the external cracks.

2.2. FBG. A fiber Bragg grating (FBG) is a passive optical
component in an optical fiber, which is one of the most
widely used optical fiber sensors. /is sensor can change the
wavelength of the reflected light according to the change in
temperature or strain./e basic principle of strain sensing in
a FBG sensor is shown in Figure 1.

When a beam of light is propagated in the fiber Bragg
grating, each segment of the fiber will only reflect a specific
wavelength of light, and the wavelength is called the Bragg
wavelength after the refractive index is changed (Equation
(5)). /e wavelength of the signal reflected by the Bragg
grating is [41, 42]

λB � 2neffΛ, (5)

where neff is the effective refractive index of the fiber core
andΛ is the grating period and is the mode index or effective
refractive index of the fiber, which can be regulated by
changing the relative angle between two interference ul-
traviolet beams to produce various wavelength-tuned
gratings.

λB also is the central wavelength of the reflected signal,
which is influenced by neff and Λ. Moreover, the central
reflection wavelength is strain- and temperature-dependent;
according to the principle illustrated above, the relationship
of reflection wavelength and measured parameters can be
established. /e relationship between reflection wavelength
Δλ and longitudinal strain Δε is given by [43, 44]

ΔλB
λB

� 1−Pe( Δε, (6)

where Pe � −((1/n)(dn/dε)) is the strain optical coefficient.
From Formula (4), we can get the following expression of
strain:

ε �
ΔλB

λB 1−Pe( 
+ ε0. (7)

/e strain of the crack FBG pasted region can be cal-
culated by the change of the internal wavelength of the fiber,
such as Formula (7), where ε0 is the initial strain. Similar to
BOFDA’s method of crack detection analysis, the locations
of cracks are determined by the location of abrupt changes in
time series (step in the data).
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3. Experimental Work

3.1.�eDesignofaReinforcedConcreteBeam. �e laboratory
conditions make it di�cult to do a full-scale concrete beam
loading test: if the beam weighs too much, it will a�ect the
test, and if it is too long or too small, it is di�cult to meet test
accuracy requirements, so the test beam parameters are
designed as shown in Table 1.

Reinforcement of reinforced concrete beams is done as
shown in Figure 2;① is the longitudinal reinforcement,② is
the tensile tendons (diameter 10mm), and ③ is the double
hoop (diameter 8mm and spacing 50mm); the ultimate load
is 37.39 kN.

Figure 3(a) shows the loading form of reinforced con-
crete beams, and the deformation of which is shown in
Figure 3(b). Figures 3(c) and 3(d) show the bending moment
and shear force diagrams under concentrated load, re-
spectively. �e bending moment and shear force in the cross
section are the largest, which is the location where the �rst
crack occurs under load.

3.2. Fixing Method: BOFDA and FBG Sensors. To monitor
internal and surface cracks in the reinforced concrete beam,
�ber optic sensors and FBG sensors are simultaneously �xed
in its interior and surface. Figure 4 shows the layout of the
�ber optic sensor and the FBG sensor, and the speci�c
surface and internal embedding �x process and method
consists of four steps as follows.

In the �rst step, an optical �ber sensor is �xed inside the
reinforced concrete beam, which will be used for internal
crack monitoring based on BOFDA technology. As shown in
Figure 5(a), before the concrete beam is poured, it is nec-
essary to �x the encapsulated optical �ber to the reinforcing
cage by strapping. �e �ber in the concrete beam is used in
the four back-and-forth loops of the circuit layout: the
concrete pouring then takes place (Figure 5(b)). It should be
noted that the concrete pouring process had to be done to �x
the sensor, and in particular, we pay attention to the di-
rection of connection of the �ber to avoid bending and
damage.

In the second step, we �xed the FBG sensors on the lower
surface of the concrete beam. To improve the strain transfer
rate and monitor the crack e�ciency, bare FBG sensors are
used in this experiment (Figure 6(a)). Before �xing the FBG
sensors, the lower surface of the concrete beam is polished
smooth using a grinder. After this, alcohol is used to clean the
surface, and epoxy resin is used to �ll the surface voids after

drying. After 24 hours, the FBG sensor was �xed to the lower
surface of the concrete beam with 502 glue (Figure 6(b)).

In the third step, instruments are used for data collec-
tion. �e BOFDA demodulator is used to obtain distributed
�ber centre frequency changes and then record the strain
information at the measurement point (Figure 7(a)). �e
wavelength change of the FBG sensors is collected by using
a MOI SM-125 demodulator with a scanning frequency of
2Hz (Figure 7(b)).

�e fourth step entails the loading experiment: the
concrete beam is placed on the reaction frame, the left and
right sides are supported, and the jack is positioned. �e
100 kN load cell is housed between the jack and the reaction
stand to measure the load during the test. �e load cell data
contain a strain gauge (Figure 8).

4. Results

4.1. Data Analysis: BOFDA Sensors and FBG Sensors. By
analysing the loading mode of the reinforced concrete beam,
the position of maximum strain can be calculated and forms
the earliest location of cracking (using �nite element analysis
and the results in Figures 3(a)–3(d)). Correspondingly, the
theoretical positions on the �ber are 7.55m, 11.90m,
15.55m, and 19.60m. Inside the concrete beam, the dis-
tributed �ber is arranged in an S shape, and the four po-
sitions correspond to the same possible cracking positions.
�e concrete beamwas scanned 13 times (100 seconds) using
BOFDA technology. �e results show that the strain mea-
surement curve has four peak points (Figure 9). Among
them, the �rst peak point position approximates to the
loaded section of the beam, which is in good agreement with
the theoretical value, while the other three peaks are
in�uenced by the spatial resolution, and there are some
errors therein. �e mean values of the four peak positions
are 7.55m, 11.25m, 14.95m, and 18.65m, and the statistical
and error data pertaining thereto are listed in Table 2.

�e relative error in the actual measurement position is
between 5.8% and 10%, within ideal range, but for the 2.2m
long concrete beam, the error is slightly larger; however, it is
di�cult to determine the time when cracking occurs only
according to the results in Figure 9. As shown in Figure 10,
the strain time series from BOFDA scanning are subjected to
di�erential time series e�ects. Figure 10 shows that three
independent spikes appear in the 3rd graph (T4-T3), but
from the 4th graph (T5-T4) to the 12th graph (T13-T12),
four distinct spikes can be found in almost the same po-
sition. When the small cracks on the lower surface of the

Optical fibre Bragg grating

Core

Transmitted signalInput signal

Reflected signal

Figure 1: Working mechanism of an FBG sensor.
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Table 1: Reinforced concrete beam design.

Size (mm) Concrete grade Longitudinal bar Stirrups �ickness of the protective layer (mm)
180× 250× 2200 C35 HRB400 HPB300 25

P

(a)

P

(b)

PL

(c)

P/2

(d)

Figure 3: (a) Schematic diagram of loading of reinforced concrete beams. (b) Schematic diagram of loading and unloading of reinforced
concrete beams. (c) Bending moment diagram. (d) Shear force diagram.
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Figure 2: Reinforcement of reinforced concrete beams.

Bare FBG sensors

Embedded optical fiber

Figure 4: �e sensor positions.

(a) (b)

Figure 5: Layout of �ber optic sensors. (a) Installation of �ber optic sensors on the beam. (b) Poured concrete beams.
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concrete are found, that time corresponds to the time period
of the fourth graph (T5-T4) in Figure 10; since the fiber optic
sensor is fixed inside the concrete beam, the time at which
the internal crack occurs is based on the third graph (T4-T3)
according to the differential time series of Figure 10 and the
time at which the surface crack occurs. /e 3rd graph (T4-
T3) shows the moment when the fracture first occurred, and
from the 4th graph (T5-T4) to the 12th graph (T13-T12),
four distinct peaks can be found in almost the same position.
When the 4th to 12th graphs show gradual crack expansion,
in the 12th graph, the increase in strain at the peak is close to

1000 microstrain. Moreover, the strain around the crack is
significantly increased.

/e three bare FBG sensors are located at the bottom of
the concrete beam (Figure 11) with their central wavelengths
of 1584 nm, 1560 nm, and 1550 nm, respectively. During the
step-by-step loading of the loader, the stepped strain
monitoring graph is obtained from three FBG sensors, as
shown in Figure 12. Among them, the strain time series of
FBG1 and FBG2 are similar, but FBG3 is above other two.
/e author concluded that cracks were generated in the paste
gauge of FBG3 sensor. In fact, the first crack was found in the

(a) (b)

Figure 6: Fixing FBG sensors. (a) Bare FBG sensor. (b) Pasting of FBG sensors.

(a) (b)

Figure 7: Data acquisition instruments. (a) BOFDA device. (b) SM-125 demodulator.

(a) (b)

Figure 8: Test loading process.
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Figure 9: Results of 13 scans using BOFDA.

Table 2: Error statistic.

�eoretical position (m) Measured position (m) Relative error (%)
7.55 7.55 0
11.25 11.90 5.8
14.95 15.55 4.0
18.65 19.6 5.1
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Figure 10: Di�erential time series data: BOFDA scanning.
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area by eye, and at the same time, no cracks were found in
the paste gauge of FBG1 and FBG2 sensors. It can be
concluded that the bare �ber grating sensor can e�ectively
monitor the occurrence of cracks.

According to several FBG strain time series, the location
of the crack can be roughly determined; however, the time to
onset of cracking is almost impossible to determine. To �nd
the time when the crack occurs, the strain data of the FBG3
sensor are subjected to �rst-order di�erential analysis
(dstrain in Figure 11(a)), but it is almost impossible to
determine the time with su�cient precision due to over-
sampling of the data. In the next analysis, the AR (3)model is
used to smooth the �rst-order di�erential sequence. �e
notation AR (p) indicates an autoregressive model of order
p. In this paper, the AR (3) model is de�ned as

εt � c +∑
3

i�1
φiεt−i + δt, (8)

where φi are the parameters of the model, c is a constant, and
δt is the white noise. By analysing the AR (3) sequence
(dstrain-AR (3) in Figure 11(b)), we found a signi�cant data

spike at 362 s, which is in good agreement with the moment
of arti�cial recording of the initial cracking: the data jumps
at 478 s and 584 s correspond to the rapid expansion of the
crack.

4.2. Initial Estimation of the Crack Width. With �ber and
FBG sensors, the position and timing of both internal and
external cracks can be detected. Furthermore, the author
attempted to use FBG data to estimate the crack width. In the
experiment, the author attempted to estimate the width of
crack 1 (red box, Figure 13) by using the strain data mea-
sured by the FBG 3 sensors. �e crack widths were evaluated
by high-precision fracture gauges.

�e �nal crack width can be calculated using FBG data:

ε �
Δλ
kλ
,

ε � 2431.62 με,

ω � εl,

ω � 0.24 mm,

(9)
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Figure 11: (a) First-order di�erence time series. (b) AR (3) smoothing sequence of FBG 3 sensor.
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Figure 12: Strain time series: three FBG sensors.
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where Δλ is the value of the change in wavelength, the value
of k is 0.78 × 10−6, and the gauge length of the sensor is
100mm (l).

To verify the calculated crack width as measured by the
FBG sensor, a crack width observation instrument is used
(Figure 14(a)). /e crack width obtained from the crack
width observation instrument was 0.16mm, and the FBG
measurement was 0.24mm: a relative error of about 50% of
the crack width was measured by FBG, but nevertheless, it is
feasible to use FBG sensors to measure crack widths.

5. Conclusion

A reinforced concrete beam designed by the author is used in
the paper, in which distributed fiber and FBG sensors are
fixed inside and on the surface, respectively. /e positions of
these sensors are obtained from force analysis (including
bending moment and shear force diagrams) of the beam
during loading. /rough the step-by-step loading of rein-
forced concrete beams, the information such as the cracking
time, position, and width of internal and surface cracks are
calculated according to the data collected using the sensors.
Some conclusions can be obtained from these tests:

(1) /e strain information pertaining to distributed fiber
points can be measured by BOFDA technology,
which can be used to detect the occurrence of in-
ternal cracks and external; however, due to the
resolution of BOFDA technology, there are posi-
tional errors of less than 10% in the measurement of
internal cracks.

(2) /e bare FBG sensor is extremely sensitive and can
monitor the surface strain and cracking of the
concrete beam. It should be noted that the FBG
sensor paste gauge need to cover the zone where
cracks may occur. Otherwise, the FBG sensors may
not detect the occurrence of cracking.

(3) /e method of calculating the width of the crack
using FBG strain monitoring data has a large error,
which can monitor the width of the crack in real
time; however, the reason for the low accuracy may
be caused by factors such as strain transfer, tem-
perature changes, and load vibration, which can be
further improved in later experiments.

(4) If both the distributed fiber and the FBG sensor are
used to monitor the cracks at the same time, the

(a) (b)

Figure 14: Visual crack width measurement. (a) KON-FK (B) crack width observation instrument. (b) Crack measurement.

Figure 13: Cracking of the beam bottom.
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appearance of the cracks inside and outside the
concrete beam and the width of the surface cracks
can be measured simultaneously. /is scheme
combines the advantages of BOFDA and FBG sen-
sors, which would achieve better measurement
results.
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