
1 INTRODUCTION 

For decades, the optical fiber strain sensors have 
been developed continuously, and recently the dis-
tributed sensors using Brillouin scattering have re-
ceived much attention because of their high per-
formance, i.e., fully distributed strain measurement. 
To attain higher accuracy, spatial resolution, or sam-
pling rate, many studies were conducted using stimu-
lated Brillouin scattering by two encountered light-
waves. For instance, Brillouin Optical Correlation 
Domain Analysis (BOCDA) was studied and applied 
to various applications for distributed strain meas-
urement (Imai et al., 2003 and 2005). Because a dis-
tributed sensor enables one to detect unexpected de-
fects for large area, it can contribute to structural 
health monitoring in civil engineering field. Al-
though the sensor has been applied mainly as the al-
ternative for a conventional sensor so far, e.g., elec-
trical strain gauges, its application shifts to 
unprecedented measurement. The recent optical fiber 
sensor development enables one measure an event 
that has never been detected, and clarify detailed 
structural properties. 

Mechanical properties of concrete and mortar re-
inforced with randomly distributed smooth steel fi-
bers have been investigated to increase the durability 
and/or strength. In Fiber Reinforced Concrete (FRC), 

the fibers are not added to improve the strength, 
though modest increases in strength may occur. 
Rather, their role is to control the cracking of the 
composites, and alter the behavior of the material 
once the matrix has cracked, by bridging across 
these cracks and thus providing post-cracking ductil-
ity (Bentur and Mindess, 1990). In cracked compos-
ites, fibers are known to span the cracks and help 
hold them together. This helps to suppress further 
propagation of the cracks. It requires more energy 
input for cracks to grow than in unreinforced materi-
als, and thus increases the toughness of the compos-
ite. On the other hand, manufacture of FRC has a 
considerably smaller margin of error than that of 
normal concrete. A smaller variation from the speci-
fied requirements can result in major deficiencies in 
quality or test results (Chen and Lui, 2004). There-
fore, quality control for FRC is important; however, 
visual inspection is the only direct way to detect a 
crack. Alternatively, strain gauge has widely been 
used to measure the strain change induced by a c-
rack, but there is an obvious limit. The FRC material 
is crack-critical, and hence, fully distributed meas-
urement is required. 

The authors apply a distributed optical fiber sen-
sor to ultra high strength FRC structures to monitor a 
crack for both experiment and field application. 
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2 OPTICAL FIBER SENOR PRINCIPLE 

2.1 Stimulated Brillouin scattering 

Brillouin scattering is the scattering of lightwave 
owing to acoustic disturbance in the medium, and it 
can be stimulated by using two counter-propagating 
lightwaves. In Brillouin Optical Time Domain 
Analysis (BOTDA), the continuous and the pulsed 
lightwaves are used (Horiguchi and Tateda, 1989). 
When the continuous lightwave frequency is equal to 
the Stokes frequency (ν–νB), where νB is the Bril-
louin frequency shift and ν is the original pulsed 
lightwave frequency, the continuous lightwave is 
amplified through Brillouin interaction with the 
pump pulse. Because Brillouin frequency shift de-
pends on the strain at that point, it is possible to 
measure the strain if continuous signal intensity 
variation is observed when the frequency difference 
is scanned. Furthermore, its location is measured by 
the flight time of pulse. If 1.55-µm wavelength of 
lightwaves pass through a single-mode fiber, then 
the Brillouin frequency shift is approximately 11 
GHz. Shortening the width of the pulsed lightwave 
is necessary to yield high spatial resolution; how-
ever, it is theoretically limited to 1.0 m owing to the 
phonon lifetime. 

2.2 Brillouin optical correlation domain analysis 

The BOCDA-based optical fiber sensor uses stimu-
lated Brillouin scattering by two encountered con-
tinuous lightwaves. As a result of a correlation peak 
arising in arbitrary positions according to the sinu-
soidal modulation frequency of the lightwaves, 
stimulated Brillouin scattering in the position occurs 
selectively, because scattering outside the correlation 
peak is suppressed. Furthermore, its location is con-
tinuously moved by modulation frequency. 

Since correlation peaks are generated periodi-
cally, two or more correlation peaks may exist in the 
measurement fiber simultaneously. In this case, iden-
tification of the position where it ought to be meas-
ured is not possible. An interval of correlation peak z 
and a spatial resolution ∆z in the BOCDA-based 
sensor can be described, respectively, using the fol-
lowing expressions (Hotate and Ong, 2002). The 
masurable range is equivalent to an interval of corre-
lation peaks z. 
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where n is the order of the correlation peak, νg is the 
speed of the lightwave in the medium; ∆νB is the in-
trinsic line width of the Brillouin spectrum; fm is the 

modulation frequency of the lightwave; and ∆f is the 

modulation amplitude of the lightwave. The formula 

shows that the measurable range and the spatial reso-

lution are inversely proportional. The more the 

measurable range enlarges, the worse the spatial 

resolution becomes. 

2.3 Synchronized pulse modulation 

To overcome the issue of measurable range, syn-
chronized pulse modulation is employed. As de-
picted in Figure 1, only one of the multiple correla-
tion peaks can be picked up, if synchronized pulse 
modulation is applied along with the original sinu-
soidal modulation. Adjusting the duty cycle of pulse 
modulation enables one to choose one arbitral corre-
lation peak, while other peaks disappear. Figure 2 
shows BOCDA-based sensor configuration with the 
use of synchronized pulse modulation for injected 
laser diode. One of the decoupled lightwaves, probe, 
is shifted in frequency, and is encountered with an-
other, pump. Both are modulated by the proposed 
method to extract a unique correlation peak in the 
measurement fiber. The maximum timulated Bril-
louin scattering occurs at that point, if frequency dif-
ference corresponds to Stokes frequency. Therefore, 
scanning of the frequency by microwave generator 
and observing the signal intensity provides strain in-
formation at that point determined by the modulation 
frequency. 
 
 

z = 3 z1 

Sinusoidal 

Modulation 

Synchronized 

Pulse Modulation 

z1 

z2 = 3 z1 

Combined 

Modulation 

 
 
Figure 1. Conceptual diagram of synchronized pulse modula-
tion, whose duty cycle is one-third. 
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Figure 2. BOCDA-based sensor configuration with the use of 
synchronized pulse modulation. 

 



It should be noted that Single Side-Band (SSB) 
generator is used instead of the usual 20-GHz inten-
sity electro-optic modulator, and thus an optical eta-
lon filter can be reduced because the original probe 
lightwave is suppressed at the output of SSB (Shi-
motsu et al., 2001). Furthermore, all optical modules 
are designed for maintaining polarization to stimu-
late Brillouin scattering effectively; thus, polariza-
tion controllers for stabilization are abbreviated from 
the conventional configuration. 

3 ANALYTICAL STRAIN INDUCED BY 
CRACK 

3.1 Strain measurement effectors 

Once a crack occurs on the concrete surface, infinite 
strain generates on a mounted sensing optical fiber if 
it is settled perfectly, and subsequently, the fiber 
could be broken. However, optical measurement is 
less sensitive than the actual stress on the concrete 
surface owing to both buffering materials and lim-
ited spatial resolution of the sensor. For accurate 
crack determination from strain distribution meas-
ured by the optical fiber strain sensor, the following 
analyses are employed: 
1. Finite element analyses are performed to un-

derstand the buffering material effect. Subse-
quently, the applied strain distribution on the 
sensing fiber itself, Sfiber(z), is obtained. 

2. Consequently, the measured strain distribution, 
Smeas.(z), is estimated with the assumption of 
the sensor’s Gaussian distributed sensitivity. 

3.2 FE analysis for buffering effect 

Considering the half of cracked concrete, a 50 × 
200-mm sized two-dimensional concrete is modeled, 
as shown in Figure 3. The displacement of top-end 
optical fiber element corresponds to half of the crack 
width, whereas the bottom and left part of the con-
crete surface is fixed as the boundary condition. 
Both the optical fiber (1.0 × 10

5
 MPa in Young’s 

modulus) and concrete (3.0 × 10
4
 MPa in Young’s 

modulus) are modeled as the quadrilateral plane 
stress element. There are buffering elements between 
the optical fiber and concrete elements, which com-
prise the epoxy adhesive and the fiber coating, both 
of which are considered together. With regard to the 
material property given in the earlier study (Niu and 
Wu, 2001), 1.0 × 10

3
 MPa and 1.6 × 10

2
 MPa are 

applied for Young’s and shear modulus of buffering 
element, respectively. 

Figure 4 shows the analytical results with vary-
ing crack widths, and zero in position corresponds to 
the center of the crack. It expresses the induced 
strain distribution along the sensing fiber, Sfiber(z), by 
the crack. As Figure 4 shows, the strain at the tip of 
the crack increases when the crack width enlarges. 

On the other hand, the area affected by crack does 
not change because of the absence of separation or 
slippage on the buffering materials within 40 µm of 
the crack. In this FRC study, a crack of more than 40 
µm is out of our concern. 
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Figure 3. Two dimensional FE model enlarged partially. 
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Figure 4. Analyzed strain distribution along the sensing fiber, 
Sfiber.(z), by FE analysis. 

3.3 Spatial resolution effect 

Using FE analysis, the applied strain distribution 
along the fiber has been calculated. However, the 
measured strain distribution by optical fiber sensor 
may lose some information owing to limited spatial 
resolution. To estimate the measured strain distribu-
tion, the following Eq. (3) is employed. Particularly, 
it is assumed that the signal sensitivity of the sensor 
has a Gaussian distribution with 14.5-mm standard 
deviation, which corresponds to half of the spatial 
resolution ∆z, as used in the test described later. Fig-
ure 5 shows the estimated strain distribution by 
BOCDA-based sensor, Smeas.(z), with varying crack 
widths. It can be easily observed that the affected 
area reaches approximately 50 mm, in spite of a 
small crack. By considering the present BOCDA-
based sensor specification in the measurement accu-
racy, it is even possible to detect cracks that are 
more than 10 µm in size. 
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Figure 5. Estimated strain distribution, Smeas.(z), by optical fiber 
sensor with 29-mm spatial resolution. 
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4 FIBER REINFORCED CONCRETE BEAM 
EXPERIMENT 

4.1 Material properties 

Recently, an Ultra high-strength Fiber reinforced 
Concrete (UFC) has been developed (Ichinomiya et 
al., 2006). It has a high compressive strength and an 
excellent tensile strength, which is achieved by re-
ducing the pore volume by generating an ettringite, 
hydrated calcium aluminum sulfate hydroxide, and 
mixing the two different lengths of the reinforcing 
steel fibers into the cementitious matrix. The de-
signed main mechanical properties of this UFC are 
tabulated in Table 1. According to earlier experi-
ments, the UFC has been observed to have a durabil-
ity superior to that of the ordinary concrete, and the 
structural members made from the UFC can be ex-
pected to last over 100 years in normal environ-
ments. 
 
Table 1. Designed mechanical properties of UFC  

Compressive 
strength 
[N/mm

2
] 

Tensile 
strength 
[N/mm

2
] 

Young’s 
modulus 
[N/mm

2
] 

Cracking 
stress 

[N/mm
2
] 

180.0 8.8 4.6 × 10
4
 8.0 

4.2 Experimental setup 

The experiment is aimed at evaluating the bending 
structural properties of a pre-stressed UFC member, 
and the crack-detection potential by BOCDA-based 
optical fiber sensor. The T-shaped specimen are 
made from three steel PC wires and the UFC men-
tioned earlier, and a polarization maintaining optical 
fiber is mounted on the bottom surface with two-
component epoxy adhesive as the sensing medium. 
The specimen is 3560 mm in length, 250 mm in 
height, and 404 mm in width, as shown in Figure 6. 
The length between the neutral axis and the sensing 
fiber corresponds to 213 mm. Figure 7 shows the 
specimen turned with bottom surface up, and Figure 
8 shows the experimental setup. 

The four-point bending test is conducted with a 
displacement sensor at the middle of the span, and 
the length of the supports and loading points is 3490 
and 500 mm, respectively. The measurement range 
corresponds to 3330 mm centering on the middle of 
the span. The longitudinal strain is statically meas-
ured using BOCDA-based sensor while holding the 
load for a couple of minutes. Additionally, once a 
crack is detected by the sensor, the details of the 
crack are observed using a microscope, as there is no 
other alternative for investigating an imperceptible 

crack on the UFC. According to the preliminary ex-
periments on the same specimen, it was observed 
that the first crack occurs at 74 kN loading. 
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Figure 6. Details of UFC beam specimen on (a) elevation plan, 

and (b) section plan (dimensions in mm). 

 
 

 
 
Figure 7. Optical sensing fiber-installed specimen on bottom 
up. 
 
 

 
 
Figure 8. Four-point bending test with a universal testing ma-
chine. 



4.3 Strain distribution 

During loading test, longitudinal strain distribution 
is measured by BOCDA-based optical fiber sensor at 
its spatial interval of 19 mm. Since it is determined 
that νg is 2.04 × 10

8
 m/s, ∆νB is 24 MHz, fm is 

around 6.5 MHz, ∆f is 4.1 GHz, and n is the 32
nd
 

peak, it is estimated by Eq. (2) that the spatial reso-
lution is 29 mm and the measurable range is 15.7 m. 
Measurable range is sufficient for the test; however, 
the proposed pulse modulation for extracting a quar-
ter of correlation peaks is employed to ensure its 
availability. 
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Figure 9. Measured strain distribution by BOCDA system at (a) 
5 kN, (b) 60 kN, (c) 65 kN, and (d) 70 kN, respectively. 

The measured results are shown in Figure 9 with 
the analytical results. It can be observed that the 
measured results are in well agreement with the ana-
lysis, and the apparent peak-shaped strain distribu-
tion appears at 70 kN in the middle of the specimen. 
The peak locations correspond to the observed 
cracks by the microscope, as shown in Figure 10, 
and thus, the three strain peaks in Figure 9 (d) are 
confirmed to be derived from three discrete cracks 
on the UFC surface. 
 

 
 
Figure 10. Microscopic photo of magnification ×175 at 70 kN. 

4.4 Crack-width estimation 

From the time the first crack is detected by BOCDA-
based optical fiber sensor, the crack width is pre-
dicted using Eq. (3). Figure 11 shows the enlarged 
strain distribution around the middle of the specimen 
with regression curve expressed by Eq. (3). At 70-
kN loading, the appropriate regression for all the 
three cracks can be observed, as shown in Figure 11 
(a). According to the regression crack profile, the 
following cracks can be assumed to have occurred: 
Crack 1) 14-µm crack at −0.110 m: Crack 2) 15-µm 
crack at +0.095 m: and Crack 3) 8-µm crack at 
+0.180 m. This estimation is in reasonable agree-
ment with the observed results. At 75 kN, however, 
there is a significant difference between the meas-
urement and regression profile for Crack 2, as shown 
in Figure 11 (b). Between 70 and 75 kN, new cracks 
are generated adjacent to the existing cracks, and as 
the optical fiber sensor cannot discriminate multiple 
cracks, the crack width is relatively underestimated. 
Overall, the model for strain distribution induced by 
crack is valid for a single crack, which is only one 
within the range of approximately 50 mm. 

At 70, 75, and 80 kN, the widths of the original 
two cracks are estimated by the regression method. 
The results are shown in Figure 12 with microscopic 
measurements, whereas there is no observation data 
for Crack 3. Though it is necessary to take multiple 
crack effect into account, the estimation can be con-
sidered as valid in the situation just measured. 
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Figure 11. Enlargement of measured strain distribution by 
BOCDA system with regression crack profiles at (a) 70 kN, and 
(b) 75 kN. 
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Figure 12. Comparison of crack width measured by BOCDA 
system and microscope. 

4.5 Results and discussion 

In addition to crack detection, the distributed strain 
sensor can leverage the comprehension of structural 
characteristics from diverse perspectives. For in-
stance, it is possible to calculate span deflection by 
employing double integration of curvature with 
boundary conditions of supports. By considering that 
the length between the neutral axis and installed 
sensing fiber is equal to 213 mm in cross-section, the 
deflection curves are calculated as given in Figure 
13. The figure shows common bending curvature as 
expected, and provides valuable information on the 
deformation mode shape. Based on the calculated 

deflection at midspan, Figure 14 shows the 
load−displacement relationship with direct meas-
urement by the displacement sensor. Although there 
is consistently a certain difference caused by a me-
chanical clearance between the end of the mounted 
sensing fiber and attachment of the support, the two 
agree well qualitatively. 
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Figure 13. Measured deflection by optical fiber sensor using 
double integration of beam curvature. 
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Figure 14. Load−displacement relationships measured by dis-
placement sensor and BOCDA system. 

 
With 3.5-m length of beam specimen made from 

UFC, the four-point bending test is conducted. Dur-
ing load, the longitudinal strain distribution is meas-
ured by BOCDA-based optical fiber sensor having 
29 mm of spatial resolution. The measurement is 
found to agree well with the analytical bending mo-
ment, and additionally, the occurrence of crack on 
concrete can be detected from the measured strain 
distribution because of the peak-shaped strain distri-
bution induced by the crack. It has also been con-
firmed experimentally that the estimated crack width 
by the regression profile is reasonably in accordance 
with the observation. Moreover, supplementary 
analysis for beam deflection demonstrates BOCDA-
based strain sensor to be more beneficial. Further, it 
can be stated that the proposed pulse modulation en-
ables one to enlarge the measurable range four times, 
retaining its high spatial resolution. 



5 FIELD APPLICATION 

5.1 Pedestrian deck 

The advanced optical fiber strain sensor has been 

applied to a pedestrian deck constructed in the north-

ern part of Japan. As shown in Figure 15, the length 

of spans is 2 + 26 + 2 m, the effective width is 3.5 

m, and the girder height is 500 mm. It is made of the 

UFC described earlier and pre-stressed by external 

cables. Similar to the abovementioned beam bending 

test, a polarization maintaining optical fiber is 

mounted on the bottom surface of the girder using 

the two-component epoxy adhesive as the sensing 

medium. 
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Figure 15. Pedestrian deck made of FRC with external cable. 

(a) Elevation plan, and (b) section plan (dimensions in mm). 

5.2 Crack detection 

For the purpose of crack detection to assure flawless 
structure, the longitudinal strain distribution is meas-
ured using BOCDA-based optical fiber sensor on 
January 2008, just after construction, and September 
2008. In this case, the spatial interval of the 
BOCDA-based sensor is 40 mm, approximately. 
Since it is determined that νg is 2.04 × 10

8
 m/s, ∆νB 

is 24 MHz, fm is around 6.5 MHz, ∆f is 2.5 GHz, and 
n is the 32

nd
 peak, the estimated spatial resolution is 

calculated as 48 mm and the measurable range is 
15.7 m, based on Eq. (2). Therefore, the measurable 
range is enlarged by the proposed pulse modulation, 
whose duty ratio is one-quarter. 

Figure 16 shows the measured Brillouin fre-
quency shift, which depends on the strain and tem-
perature, on January and September 2008. Several 
fluctuations in the range of 20 to 25 m are caused by 
the variability in the pre-tensioning at the time of in-
stallation. It can be assumed that the difference be-
tween the two is mainly affected by the temperature 
change. In fact, the temperature on the girder surface 
has changed to 22 degree for this period, according 
to the results of the infrared thermometer. Heating 
influences on the optical fiber measurement in two 
ways. First, the temperature change has a direct im-
pact on the refractive index of the sensing optical fi-

ber. Even if there is no strain on the fiber, the Bril-
louin frequency shift is changed when heated. 
Approximately, a temperature increase of one degree 
corresponds to 1.25 MHz in Brillouin frequency 
shift (e.g., Kurashima et al., 1990), and thus, the 
thermal-induced difference corresponds to 27.5 MHz 
for optical variation in this case. Second, the tem-
perature change also has an impact on the thermal 
expansion of the concrete deck itself. When com-
pared with normal concrete, the UFC has larger co-
efficient of thermal expansion of approximately 13 
x10

-6
/deg. Therefore, 22 degree of temperature 

change corresponds to 16.8 MHz in Brillouin fre-
quency shift for the thermal expansion. Totally, a 
44.3-MHz shift up might be derived from the cli-
mate change, both directly and indirectly. The com-
pensated strain distribution is shown in Figure 17 
with a 20-µm crack profile given in Eq. (3). Owing 
to the absence of peak-shaped strain distribution in 
the measurement region, it can be stated that no 
crack has occurred on the girder. Although compres-
sive strain is expected to have occurred, especially 
on both the ends of the girder owing to creep and 
shrinkage of concrete, the measurement shows ten-
sile strain partially. Also, the strain distribution 
should be symmetric, while measurement is not. 
Hence, it is summarized that BOCDA-based optical 
fiber sensor detects easily a crack as a drastic strain 
changing event, however, it is necessary to be devel-
oped more for monitoring creep or shrinkage as a 
gradual and small strain changing event. 
 

Position [m]

0 5 10 15 20 25 30

B
ri
llo
u
in
 F
re
q
u
e
n
c
y
 S
h
if
t:
 ν

B
 [
G
H
z
]

10.80

10.82

10.84

10.86

10.88

10.90

10.92

Sep. 08 

Jan. 08 

Measurement Region

 
 
Figure 16. Measured Brillouin frequency shift distribution by 
BOCDA system on Jan. 08 and Sep. 08. 
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Figure 17. Measured strain distribution by BOCDA system 
from Jan. 08 to Sep. 08 after compensating for temperature ef-
fect. 



 
 

6 SUMMARY AND CONCLUSIONS 

The BOCDA-based optical fiber strain sensor has an 
excellent potential to assure structural health, be-
cause it is a distributed sensor with high spatial reso-
lution. In this paper, focusing on crack detection, the 
analytical and experimental study has been con-
ducted using BOCDA-based sensor. First, the ana-
lytical model for strain distribution induced by single 
crack is proposed by considering the buffering mate-
rials and spatial resolution of the sensor. Second, the 
crack width estimated by the proposed model is ex-
perimentally evaluated using the fiber reinforced 
concrete beam bending test. Finally, the sensor is 
applied to a pedestrian deck, which confirms in situ 
that no crack occurred. 
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