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Abstract: Recently, it has become necessary to develop a monitoring technology that combines an FBG
(fiber Bragg grating) sensor as a means for continuously monitoring whether the reinforcing effect of
an FRP (fiber-reinforced polymer) is maintained on FRP-reinforced structural members. However,
most existing research focuses on the insertion of FBG sensors into bar-shaped FRPs, and there is a
lack of studies that analyze the details for an FRP strip combined with FBG sensors. In this regard,
this paper seeks to develop a reinforcement for an NSM (near-surface-mounted) retrofit in which an
optical fiber with an FBG sensor is combined with FRP strips. For this, a series of experiments were
performed to find the adhesive strength of optical fiber-epoxy-FRP interfaces, the tensile strength of
the FBG sensor part of optical fiber with a reflection lattice, and the sensing performance depending
on the adhesion length between the optical fiber and the FRP strips. As a result of the study, the
adhesion length not less than 20 mm in one direction from the center, with a total adhesion length of
40 mm, needs to be secured when the optical fiber with an FBG is attached and fixed between the two
FRP strips with epoxy. In addition, it is expected that the proposed model can be used to properly
predict the strain transfer of an FRP strip with a fiber optic sensor and can also be utilized when
determining optimum dimensions.

Keywords: fiber Bragg grating sensor; FRP strip; NSM retrofit; adhesion length; sensing performance

1. Introduction

Buildings undergo changes in structural functions due to the passage of time and environmental
factors. Thus, they suffer problems in terms of structural safety. In response, various methods for
monitoring the structural behavior of buildings have been developed and applied to actual structures.
Recently, structural health monitoring (SHM) technologies have been applied to structures larger than
a certain size to monitor the structural characteristics from the construction stage to the use stage. The
aim of SHM is to monitor the behavior of structures, detect damage, estimate the current health status
of the structure, and even predict future failure during use [1–3]. The optical fiber (OF) sensor is one of
the most widely used measurement sensors for SHM. Since the introduction of measuring technologies
using OF sensors by Hill [4], related studies have been actively conducted, and the technologies are
now being used in monitoring the health status of various structures. Compared to the conventional
electrical resistance measurement method, the OF sensor is capable of long-term measurement and
boasts excellent corrosion resistance, and it is not subject to electromagnetic influences, resulting in no
noise in the measured value. In addition, while the electrical resistance measurement method cannot
perform multiple measurements on one line, the measuring technology using an optical fiber enables
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multiple measurements and networking, which makes it possible to identify the overall behavior of
the target structural member [5–7]. The use of fiber Bragg grating (FBG)-based fiber optic sensing has
already been shown to be reliable and stable with time to observe structural behavior [8]. Accordingly,
the FBG-based OF sensor has been widely applied as a non-destructive evaluation technology to
measure the deformation and temperature history of structural members [9].

In recent years, a reinforcement method using fiber-reinforced polymers (FRPs) has been
extensively applied to reinforced concrete structures, and thus ways to constantly monitor the
persistence of the FRP reinforcement effect have been required. In this regard, if the FBG sensor is
properly coupled to the FRP reinforcement and used for real-time monitoring, the reinforcement
effect can be checked at all times, thus ensuring the efficient maintenance of the structural member
after reinforcement [10–15]. The application of the FBG sensor to the FRP has been mostly used
to monitor the stress losses of the FRP in Reinforced Concrete (RC) beams using prestressed FRP
plates [16,17]. In addition, a technology that combines the FBG sensor with the sheet or bar type of
reinforcement materials has been developed to continuously monitor the reinforcing effect of the FRP
used in strengthening reinforced concrete members [18–20].

Epoxy resins are mainly used to couple the FBG sensor to the FRP. The main variables that can
affect the sensing performance of the FBG sensor embedded into the FRP include the thickness of the
adhesive and the elastic modulus of the coating material surrounding the FBG sensor. It is known
that when the thickness of the adhesive increases, the strain of the FBG sensor is relatively smaller
than that of the host material [11]. This suggests that there may be a difference in the sensing capacity
depending on the method in which the FBG sensor is attached to the FRP.

Recently, the application of the FRP reinforcement has been increased to improve the structural
capacity of reinforced concrete structures. There are two types of strengthening techniques using the
FRP for reinforced concrete structures: externally bonded (EB) reinforcement and near-surface-mounted
(NSM) retrofit, as shown in Figure 1. In the NSM technique, the method of embedding the FRP in
the form of bars or plates is mainly used, and although the process of forming grooves on the surface
is added in this method, it ensures excellent reinforcing effects. A series of studies have recently
demonstrated the excellence of the NSM technique using strip-type FRPs [21–25]. However, it is
necessary to continuously monitor whether or not the reinforcing effect of the FRP is maintained in the
structural members reinforced with FRPs. For this, it is necessary to develop a monitoring technology
that combines an FBG sensor. However, there is a lack of research on the details of the NSM FRP strips
combined with an FBG sensor.
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Figure 1. Structural reinforcing methods by using a fiber-reinforced polymer (FRP) for concrete: (a) EBR
(externally bonded retrofit); (b) NSMR (near-surface-mounted retrofit).

This study aimed to develop a strip-type FRP reinforcement in which FBG sensors are embedded
for monitoring of the FRP after a retrofit. In particular, it sought to investigate the combining method
of the FRP and FBG sensor. To this end, a series of experiments were conducted to identify the tensile
strength of the OF in which the FBG is formed and then examine the adhesive strength when attaching
the OF to the FRP using epoxy. In addition, an analysis model was applied to evaluate the sensing
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capacity according to the adhesion length when the FBG sensor was coupled to the FRP with epoxy
and was then evaluated experimentally.

2. FRP Strip Reinforcement with Optical Fiber Sensor

When strengthening concrete structures with the FRP, it attached to the surface of the member or
embedded inside the groove as shown in Figure 1. Typical OFs consist of the core, cladding, coating,
and jacket as shown in Figure 2. The core and cladding constitute a core part. The role of the jacket is
to prevent the damage due to an impact or brittle failure. In the OF sensor, the FBG is formed in the
core part and coated, and then the coated part is directly attached to the host material and fixed. The
FBG sensor is attached to the outside of the host material, FRP, as shown in Figure 3. When the FRP
strip fabricated in this way is used for an NSM retrofit, the FRP inside the concrete groove is bonded to
the concrete with epoxy as shown in Figure 4. In this case, as the OF is exposed to the shear stress
that exists between the FRP and concrete, it is highly likely to be damaged. To address this problem,
this study proposed the details to fix the optical fiber with epoxy while maintaining an appropriate
thickness between the two FRP plates as shown in Figure 5.

Sustainability 2020, 12, x FOR PEER REVIEW 3 of 20 

sensing capacity according to the adhesion length when the FBG sensor was coupled to the FRP with 
epoxy and was then evaluated experimentally. 

2. FRP Strip Reinforcement with Optical Fiber Sensor  

When strengthening concrete structures with the FRP, it attached to the surface of the member 
or embedded inside the groove as shown in Figure 1. Typical OFs consist of the core, cladding, 
coating, and jacket as shown in Figure 2. The core and cladding constitute a core part. The role of the 
jacket is to prevent the damage due to an impact or brittle failure. In the OF sensor, the FBG is formed 
in the core part and coated, and then the coated part is directly attached to the host material and 
fixed. The FBG sensor is attached to the outside of the host material, FRP, as shown in Figure 3. When 
the FRP strip fabricated in this way is used for an NSM retrofit, the FRP inside the concrete groove is 
bonded to the concrete with epoxy as shown in Figure 4. In this case, as the OF is exposed to the shear 
stress that exists between the FRP and concrete, it is highly likely to be damaged. To address this 
problem, this study proposed the details to fix the optical fiber with epoxy while maintaining an 
appropriate thickness between the two FRP plates as shown in Figure 5. 

 

Figure 2. Configuration of optical fiber. 

 
(a) (b) 

Figure 3. Bonding concept of an FBG to the surface of an FRP strip: (a) Surface bonding by epoxy 
resin; (b) Wrapping an FBG with epoxy resin. 

 
Figure 4. Embedding the FRP strip with externally bonded FBG into the groove of the concrete 
member. OF: optical fiber; FBG: fiber Bragg grating; NSM: near-surface-mounted. 

Figure 2. Configuration of optical fiber.

Sustainability 2020, 12, x FOR PEER REVIEW 3 of 20 

sensing capacity according to the adhesion length when the FBG sensor was coupled to the FRP with 
epoxy and was then evaluated experimentally. 

2. FRP Strip Reinforcement with Optical Fiber Sensor  

When strengthening concrete structures with the FRP, it attached to the surface of the member 
or embedded inside the groove as shown in Figure 1. Typical OFs consist of the core, cladding, 
coating, and jacket as shown in Figure 2. The core and cladding constitute a core part. The role of the 
jacket is to prevent the damage due to an impact or brittle failure. In the OF sensor, the FBG is formed 
in the core part and coated, and then the coated part is directly attached to the host material and 
fixed. The FBG sensor is attached to the outside of the host material, FRP, as shown in Figure 3. When 
the FRP strip fabricated in this way is used for an NSM retrofit, the FRP inside the concrete groove is 
bonded to the concrete with epoxy as shown in Figure 4. In this case, as the OF is exposed to the shear 
stress that exists between the FRP and concrete, it is highly likely to be damaged. To address this 
problem, this study proposed the details to fix the optical fiber with epoxy while maintaining an 
appropriate thickness between the two FRP plates as shown in Figure 5. 

 

Figure 2. Configuration of optical fiber. 

 
(a) (b) 

Figure 3. Bonding concept of an FBG to the surface of an FRP strip: (a) Surface bonding by epoxy 
resin; (b) Wrapping an FBG with epoxy resin. 

 
Figure 4. Embedding the FRP strip with externally bonded FBG into the groove of the concrete 
member. OF: optical fiber; FBG: fiber Bragg grating; NSM: near-surface-mounted. 

Figure 3. Bonding concept of an FBG to the surface of an FRP strip: (a) Surface bonding by epoxy resin;
(b) Wrapping an FBG with epoxy resin.

Sustainability 2020, 12, x FOR PEER REVIEW 3 of 20 

sensing capacity according to the adhesion length when the FBG sensor was coupled to the FRP with 
epoxy and was then evaluated experimentally. 

2. FRP Strip Reinforcement with Optical Fiber Sensor  

When strengthening concrete structures with the FRP, it attached to the surface of the member 
or embedded inside the groove as shown in Figure 1. Typical OFs consist of the core, cladding, 
coating, and jacket as shown in Figure 2. The core and cladding constitute a core part. The role of the 
jacket is to prevent the damage due to an impact or brittle failure. In the OF sensor, the FBG is formed 
in the core part and coated, and then the coated part is directly attached to the host material and 
fixed. The FBG sensor is attached to the outside of the host material, FRP, as shown in Figure 3. When 
the FRP strip fabricated in this way is used for an NSM retrofit, the FRP inside the concrete groove is 
bonded to the concrete with epoxy as shown in Figure 4. In this case, as the OF is exposed to the shear 
stress that exists between the FRP and concrete, it is highly likely to be damaged. To address this 
problem, this study proposed the details to fix the optical fiber with epoxy while maintaining an 
appropriate thickness between the two FRP plates as shown in Figure 5. 

 

Figure 2. Configuration of optical fiber. 

 
(a) (b) 

Figure 3. Bonding concept of an FBG to the surface of an FRP strip: (a) Surface bonding by epoxy 
resin; (b) Wrapping an FBG with epoxy resin. 

 
Figure 4. Embedding the FRP strip with externally bonded FBG into the groove of the concrete 
member. OF: optical fiber; FBG: fiber Bragg grating; NSM: near-surface-mounted. 

Figure 4. Embedding the FRP strip with externally bonded FBG into the groove of the concrete member.
OF: optical fiber; FBG: fiber Bragg grating; NSM: near-surface-mounted.



Sustainability 2020, 12, 8501 4 of 19

Sustainability 2020, 12, x FOR PEER REVIEW 4 of 20 

 
Figure 5. Proposed FRP strip with an embedded FBG for an NSM retrofit and monitoring. 

3. Tensile Test of Optical Fiber Inserted between FRP Strips 

In order to (1) determine the minimum adhesion length for the OF fixed between the two FRP 
strips to exert sufficient strength, and to (2) investigate whether the FBG sensor can sufficiently 
display the strain information that occurs in the FRP, a tensile test was conducted using the adhesion 
length of the OF between the FRPs as a variable. In the actual concrete member strengthened with 
the NSM FRP, the tensile stress in the longitudinal direction of the FRP governs. The optical fiber 
embedded between the FRPs is subjected to the tensile stress almost like the FRP, thus a test for the 
tensile stress was conducted.  

3.1. Plan of Tensile Test  

To accurately identify the tensile strength of the OF used in this study, a tensile test was 
conducted after fixing both ends of the OF between the two Carbon FRP (CFRP) strips as shown in 
Figure 6. In the fabrication process of specimens, the adhesion length was set to 10, 30, 50, and 100 
mm, respectively, in order to determine the minimum adhesion length for the OF to exert sufficient 
tensile strength when using epoxy as the bonding material. These were based on the results of related 
studies [26,27] and the adhesion strength of epoxy. Meanwhile, when the FBG is formed in the OF 
with a laser, the tensile strength decreases due to the cross-sectional loss of the OF. Therefore, a 
specimen designed to identify the tensile strength of the OF in which a grating is formed was 
fabricated as well. Table 1 shows a list of tensile specimens, and three samples were produced for 
each specimen. In the fabrication of tensile specimens, two FRP strips with a width of 16 mm and a 
thickness of 1.2 mm were fixed at both ends of the OF while maintaining a thickness of 2.6 mm of 
epoxy resin. Figure 7 shows the ends of the fabricated specimen. Epoxy may be affected by 
temperature during curing [28]. However, the epoxy used in this study was cured for two days in the 
range of 22 ± 2 °C, as suggested by the manufacturer. The experiment was conducted under 22 ± 2 °C 
which is a temperature condition where the adhesive strength of the epoxy could be sufficiently 
achieved. The Japan Shimadzu’s UTM (AG-250) with a capacity of 250 kN was used in the tensile 
test. The tensile force was gradually increased with a loading speed of 3.6 mm/min until the specimen 
underwent failure after 50 mm of the FRP portions at both ends of the specimen were held tightly by 
plate-type grips with a lightly serrated surface as shown in Figure 8. The material properties of the 
OF, FRP, and epoxy used are summarized in Tables 2–4, respectively. These data are all provided by 
the manufacturer. 

Figure 5. Proposed FRP strip with an embedded FBG for an NSM retrofit and monitoring.

3. Tensile Test of Optical Fiber Inserted between FRP Strips

In order to (1) determine the minimum adhesion length for the OF fixed between the two FRP
strips to exert sufficient strength, and to (2) investigate whether the FBG sensor can sufficiently display
the strain information that occurs in the FRP, a tensile test was conducted using the adhesion length of
the OF between the FRPs as a variable. In the actual concrete member strengthened with the NSM
FRP, the tensile stress in the longitudinal direction of the FRP governs. The optical fiber embedded
between the FRPs is subjected to the tensile stress almost like the FRP, thus a test for the tensile stress
was conducted.

3.1. Plan of Tensile Test

To accurately identify the tensile strength of the OF used in this study, a tensile test was conducted
after fixing both ends of the OF between the two Carbon FRP (CFRP) strips as shown in Figure 6. In the
fabrication process of specimens, the adhesion length was set to 10, 30, 50, and 100 mm, respectively, in
order to determine the minimum adhesion length for the OF to exert sufficient tensile strength when
using epoxy as the bonding material. These were based on the results of related studies [26,27] and the
adhesion strength of epoxy. Meanwhile, when the FBG is formed in the OF with a laser, the tensile
strength decreases due to the cross-sectional loss of the OF. Therefore, a specimen designed to identify
the tensile strength of the OF in which a grating is formed was fabricated as well. Table 1 shows a
list of tensile specimens, and three samples were produced for each specimen. In the fabrication of
tensile specimens, two FRP strips with a width of 16 mm and a thickness of 1.2 mm were fixed at both
ends of the OF while maintaining a thickness of 2.6 mm of epoxy resin. Figure 7 shows the ends of the
fabricated specimen. Epoxy may be affected by temperature during curing [28]. However, the epoxy
used in this study was cured for two days in the range of 22 ± 2 ◦C, as suggested by the manufacturer.
The experiment was conducted under 22 ± 2 ◦C which is a temperature condition where the adhesive
strength of the epoxy could be sufficiently achieved. The Japan Shimadzu’s UTM (AG-250) with a
capacity of 250 kN was used in the tensile test. The tensile force was gradually increased with a loading
speed of 3.6 mm/min until the specimen underwent failure after 50 mm of the FRP portions at both
ends of the specimen were held tightly by plate-type grips with a lightly serrated surface as shown
in Figure 8. The material properties of the OF, FRP, and epoxy used are summarized in Tables 2–4,
respectively. These data are all provided by the manufacturer.

Table 1. Specimen list for the tensile test of the OF.

Specimen Name Bond Length (mm) FBG

OF-10 10

None
OF-30 30
OF-50 50

OF-100
100OF-100-B FBG



Sustainability 2020, 12, 8501 5 of 19

Sustainability 2020, 12, x FOR PEER REVIEW 5 of 20 

 
Figure 6. Detail of OF specimens for the tensile test. 

Table 1. Specimen list for the tensile test of the OF. 

Specimen Name Bond Length (mm) FBG 
OF-10 10 

None OF-30 30 
OF-50 50 

OF-100 
100 OF-100-B FBG 

 
Figure 7. Configuration of the optical fiber. 

Figure 6. Detail of OF specimens for the tensile test.

Sustainability 2020, 12, x FOR PEER REVIEW 5 of 20 

 
Figure 6. Detail of OF specimens for the tensile test. 

Table 1. Specimen list for the tensile test of the OF. 

Specimen Name Bond Length (mm) FBG 
OF-10 10 

None OF-30 30 
OF-50 50 

OF-100 
100 OF-100-B FBG 

 
Figure 7. Configuration of the optical fiber. Figure 7. Configuration of the optical fiber.

Sustainability 2020, 12, x FOR PEER REVIEW 6 of 20 

 
Figure 8. Set up for the tensile test of the OF. 

Table 2. Dimension and tensile strength of the optic fiber. 

Type Diameter of Core (mm) Diameter (mm) Tensile Strength (N/mm2) 
ITU-T G.657.B3 0.125 0.250 690 

The data were given by the manufacturer. 

Table 3. Dimension and mechanical properties of the FRP strip. 

Type Thickness (mm) Width (mm) Tensile Strength (N/mm2) Elastic Module (N/mm2) 
SK-CPS 0512 1.2 50 2942 165,000 

The data were given by the manufacturer. 

Table 4. Mechanical properties of epoxy. 

Type 
Compressive Strength 

(N/mm2) 
Shear Bond Strength 

(N/mm2) 
Bond Strength to Concrete 

(N/mm2) 
SK-CPA10 90 10 1.5 

The data were given by the manufacturer. 

3.2. Tensile Strength of Optical Fiber Inserted between FRP Strips 

From the test, the tensile strength of the specimens decreased rapidly after the concentration of 
failure at the coating part regardless of adhesion lengths as shown in Figure 9. SEM photographs of 
the fractured OF in each specimen were performed using Japan JEOL’s JSM-7610. Figure 10 shows 
the SEM image. The unit length indicated by the white bar at the bottom of each figure is 100 μm. 
The images show (a) the OF before tensile stress is applied, (b) the slip that occurs between the core 
and coating after the failure of the coating part, and (c) tensile fracture. The tensile strengths 
according to the adhesion length are summarized in Table 5. The third test specimen of OF-100 was 
fractured early and the test result was excluded from the analysis. The tensile strength is obtained by 
dividing the load by the cross-sectional area including the coating. Although the deviation of the 
values between the specimens with the same adhesion length is large, the maximum tensile strength 

Figure 8. Set up for the tensile test of the OF.



Sustainability 2020, 12, 8501 6 of 19

Table 2. Dimension and tensile strength of the optic fiber.

Type Diameter of Core (mm) Diameter (mm) Tensile Strength (N/mm2)

ITU-T G.657.B3 0.125 0.250 690

The data were given by the manufacturer.

Table 3. Dimension and mechanical properties of the FRP strip.

Type Thickness
(mm)

Width
(mm)

Tensile Strength
(N/mm2)

Elastic Module
(N/mm2)

SK-CPS 0512 1.2 50 2942 165,000

The data were given by the manufacturer.

Table 4. Mechanical properties of epoxy.

Type Compressive Strength
(N/mm2)

Shear Bond Strength
(N/mm2)

Bond Strength to
Concrete (N/mm2)

SK-CPA10 90 10 1.5

The data were given by the manufacturer.

3.2. Tensile Strength of Optical Fiber Inserted between FRP Strips

From the test, the tensile strength of the specimens decreased rapidly after the concentration of
failure at the coating part regardless of adhesion lengths as shown in Figure 9. SEM photographs of
the fractured OF in each specimen were performed using Japan JEOL’s JSM-7610. Figure 10 shows the
SEM image. The unit length indicated by the white bar at the bottom of each figure is 100 µm. The
images show (a) the OF before tensile stress is applied, (b) the slip that occurs between the core and
coating after the failure of the coating part, and (c) tensile fracture. The tensile strengths according to
the adhesion length are summarized in Table 5. The third test specimen of OF-100 was fractured early
and the test result was excluded from the analysis. The tensile strength is obtained by dividing the
load by the cross-sectional area including the coating. Although the deviation of the values between
the specimens with the same adhesion length is large, the maximum tensile strength tends to increase
in proportion to the attachment length. Figure 11 shows the minimum and maximum values of three
specimens for each adhesion length. There was no difference in strength, even when the adhesion
length was increased from 10 mm to 30 mm. However, at longer adhesion lengths than 30 mm, the
maximum strength increased in proportion to the adhesion length. When the adhesion length was
100 mm, the maximum strength was reached as the tensile fracture occurred in the OF. At this time,
the tensile strength obtained by dividing the load by the cross-sectional area including coating was
237 MPa on average, while the tensile strength divided by the cross-sectional area of the core excluding
the coating was 950 MPa on average. When the FBG was formed, the strength was 21.6% lower than
that of the case without an FBG. When the adhesion length between the FRP and OF is not less than
30 mm, the interface can have a higher bond strength than the tensile strength of the OF with an
FBG. In the OF-100-B specimen, the strain of the OF was measured from the FBG on an optical fiber.
Figure 12 shows the strain-stress curve of the specimen in which the FBG was formed. The stress on
the vertical axis is the value obtained by dividing the applied load by the cross-sectional area of the
core part, while the horizontal axis represents the strain measured from the FBG sensor. The process
of converting the value measured from the FBG sensor to the strain is described in Section 3.2. The
stress-strain relationship is linear, and the tensile fracture occurs immediately after the maximum
strength. In the curve of Figure 12, the stiffness obtained by dividing the stress by the strain ranged
from 18,982 to 19,335 MPa, showing an average of 19,146 MPa.
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Table 5. Result of the tension test.

Specimen
Name

Classification
Number Average COV #

(%)1 2 3

OF-10 Strength (N/mm2) 229.52 206.24 175.65 203.80 13.26
OF-30 Strength (N/mm2) 184.78 209.87 204.10 199.58 6.58
OF-50 Strength (N/mm2) 229.78 224.47 216.86 223.70 2.9
OF-100 Strength (N/mm2) 272.15 260.30 180.41 + 266.23 3.14

OF-100-B
Strength (N/mm2) 181.23 163.57 214.11 186.30 13.77

Stiffness * (kN/mm2) 19,335 19,121 18,982 19,052 0.52
# Coefficient of variable. + This data was excluded from analysis as a result of premature failure. * Stiffness is
obtained by dividing the stress by the strain at peak.
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3.3. Sensing Capacity of Optical Fiber Inserted between FRP Strips

As stated above, the strain generated in the FRP may not be appropriately transferred to the OF
sensor according to the shear lag phenomenon that occurs between the core part and coating as well as
between coating and epoxy. This is closely related to the adhesion length of the OF. Accordingly, an
experiment was conducted to observe the sensing performance according to the change in the adhesion
length of the OF. Table 6 shows a list of specimens for evaluating the sensing performance of the OF
embedded into FRP strips with epoxy. The shape of the FRP strip with the OF is as shown in Figure 5.
It was made by integrating with epoxy resin after placing the OF with an FBG between the two FRP
strips. Figure 13 represents the FRP strip. The adhesion length “L” of the OF was changed to 10, 20, 30,
40, and 50 mm, and the electric strain gauge was attached at the center of each specimen length. The
sensing performance was evaluated by comparing the result obtained from the strain gauge and the
sensing result of the OF. Regarding the production of the FRP strip with the OF, the epoxy thickness
between the two FRP strips was 2.6 mm in consideration of the outer diameter of the tube. FRP pieces
were installed with a cyanoacrylate CN bond to maintain an interval between two FRPs. The OF was
placed to keep the planned adhesion length at the center of the test specimen, point bonded with a
CN bond, applied with epoxy, and then attached with the upper FRP plate to produce the FRP strip
reinforcement with the OF.

Figure 14 shows the tensile test setup. The end portion of the FRP strip was reinforced with an
epoxy-filled square steel box with reference to ASTM D3039 [29]. The OF, FRP strip, and epoxy resin
are the same as those used in Section 3.2, and the material properties are summarized in Tables 2–4. As
loading equipment, the UTM of Korea Daeyeong’s DYHU-200TC was used. The tensile force applied
to the specimen was a third of the tensile strength of the OF-100-B specimen shown in Table 4, which is
the OF with an FBG, and the experiment was carried out by repeating it three times for each specimen
with a loading speed of 3.6 mm/min.

Table 6. Specimen list for the evaluation of the sensing capacity of the FRP strip with a fiber optic sensor.

Specimen Name Bond Length, L (mm)

FBG-F-10 10
FBG-F-20 20
FBG-F-30 30
FBG-F-40 40
FBG-F-50 50

Each specimen was tested three times.
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The measurement principle of the OF sensor is to use the characteristic that the wavelength of light
reflected from each grating varies depending on changes in external conditions, such as temperature
and intensity. As shown in Figure 15, when a wide spectrum is incident, the fiber Bragg grating
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reflects only a specific wavelength and transmits the other wavelengths. In addition, when the ambient
temperature of the grating changes or tension is applied to the grating, the reflective index or length of
the OF changes, and the specific wavelength reflected also changes. Therefore, temperature, tension,
pressure, and bending, etc., can be detected by measuring the wavelength of light reflected from the
FBG. When the wide spectrum is incident on the OF, the reflected signal causes interference and is
reflected on the OF grating, and the remaining wavelengths pass through and are not involved in the
measurement as shown in Equation (1) [30].

λB = 2nΛ (1)

where λB is the reflected wavelength (µm), n is the effective reflection index, and Λ is the period of
the FBG.
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The Bragg wavelength reflected from the grating is a function of the effective refractive index and
the grating period. Since the main meaning of the effective refractive index and the grating is a function
of the temperature and strain, the reflected wavelength changes as temperature or deformation are
given to the fiber Bragg grating. In the Bragg equation, if the Bragg wavelength is differentiated, and
the temperature, strain, effective refractive index, and grating period are then substituted, Equation (2)
can be obtained as shown below.

∆λB = λB[(α+ ξ)∆T + (1− Pe)∆ε] = KT∆T + Kε∆ε (2)

where ∆λB is the change of the wavelength (µm), α is the expansion coefficient corresponding to
temperature, ξ is the coefficient considering the change of reflection corresponding to temperature,
∆T is temperature change, Pe is the photo-elastic coefficient, ∆ε is the change of strain in the FBG, and
KT and Kε are coefficients considering the changes of temperature and reflection, respectively.

Therefore, the strain can be calculated from the measured wavelength change information as
shown in Equation (3).

∆ε =
∆λB −KT∆T

Kε
=

1
1− Pe

[∆λB

λB
− (α+ ξ)∆T

]
(3)

The photo-elastic modulus (Pe), reflected wavelength (λB), expansion coefficient corresponding to
temperature (α), and coefficient considering the change of reflection corresponding to temperature
(ξ) values of the OF used in this study are summarized in Table 7. The temperature change was not
considered in the calculation since the temperature was kept constant in the laboratory.

Equation (3) was used to convert the tensile test results of the FRP strip with an OF according
to the adhesion length into strain and compare it with the strain information of the electric gauge as
shown in Figure 16. It was found that the strain value of the electric gauge and the strain of the OF
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exhibit a linear relationship for all adhesion lengths. However, when the adhesion length “L” is 10 mm,
the strain of the OF sensor consistently shows a value corresponding to 74% of the electric gauge strain.
This is because the strain that occurred in the FRP is not sufficiently transferred to the OF due to the
shear lag effect. On the other hand, when the adhesion length is 20 mm or more, the strain of the OF
sensor is almost identical to that of the electric gauge. These results suggest that an adhesion length of
20 mm or more in one direction from the center, with a total adhesion length of more than 40 mm,
needs to be secured when the OF is attached and fixed between the two FRP strips with epoxy.Sustainability 2020, 12, x FOR PEER REVIEW 12 of 20 
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Table 7. Optical properties of the OF with an FBG.

Material Pe λB (µm) α (×10−6/◦C) ξ (×10−6/◦C)

Silica fiber 0.22 * 1050 + 0.55 * 8.6 *

* These are the values used in the research by Werneck et al. [30] + The value is suggested by the manufacturer.

4. Strain Transfer Mechanism in the FRP Strip with Fiber Optic Sensor

The theoretical model of the FRP strip with a fiber optic sensor in which the OF is embedded
between two FRP strips is based on the theoretical model of Zhao et al. [26], as shown in Figure 17.
When tensile stress occurs in the FRP, the deformation caused by the stress is transferred to the
OF through the epoxy, thus leading to changes in the optical signal transfer [31]. The change of
the strain transfer in the OF attached to the surface of the FRP can be estimated by the following
assumptions [26,27,31–33]. Fiber core, coating, and FRP strips all behave as linear elastic isotropic
materials. FRP exhibits homogeneous behavior along the length of the fiber.

(1) FRP strips are subjected to uniform axial stress, while the fiber core, coating, and adhesive layer
are not directly subjected to any external loadings.

(2) The interface of all materials is fully bonded, and the displacements maintain consistency along
the interface.



Sustainability 2020, 12, 8501 13 of 19
Sustainability 2020, 12, x FOR PEER REVIEW 14 of 20 

 
Figure 17. Analytical model of the FRP strip with an embedded OF. 

Given the above assumptions and the symmetry in the orthogonal direction, the equilibrium 
equation for 1/2 of the thickness direction of the infinitesimal fiber core is as follows. 12 𝜋𝑟 (𝜎 + 𝑑𝜎 − 𝜎 ) + 𝜋𝑟 𝜏(𝑥, 𝑟 )𝑑𝑥 = 0 (4) 

where ∴ 𝑑𝜎𝑑𝑥 = − 2𝜏(𝑥, 𝑟 )𝑟  (5) 

In a similar manner, the equilibrium equations for the infinitesimal fiber coating and adhesive 
layer are represented, respectively, as follows: ∴ 𝑑𝜎𝑑𝑥 = − 2 𝑟 𝜏(𝑥, 𝑟 ) − 𝑟 𝜏(𝑥, 𝑟 )𝑟 − 𝑟  (6) 

∴ 𝑑𝜎𝑑𝑥 = − 𝜋𝑟 𝜏(𝑥, 𝑟 ) − 𝑊 𝜏(𝑥, 𝑟)𝑊 (𝑟 + 𝑟) − 12 𝜋𝑟  (7) 

Equation (7) can be written as below. 𝜏(𝑥, 𝑟) = 1𝑊 𝜋𝑟 𝜏(𝑥, 𝑟 ) − 𝑊 (𝑟 + 𝑟) − 12 𝜋𝑟 𝑑𝜎𝑑𝑥  (8) 

From Equation (6), 𝑟 𝜏(𝑥, 𝑟 ) = − 12 𝜋(𝑟 − 𝑟 ) 𝑑𝜎𝑑𝑥 + 𝑟 𝜏(𝑥, 𝑟 ) (9) 

Equation (10) can be derived by substituting Equation (5) into Equation (9), as follows. 

Figure 17. Analytical model of the FRP strip with an embedded OF.

Given the above assumptions and the symmetry in the orthogonal direction, the equilibrium
equation for 1/2 of the thickness direction of the infinitesimal fiber core is as follows.

1
2
πrF

2(σF + dσF − σF) + πrFτ(x, rF)dx = 0 (4)

where

∴
dσF

dx
= −

2τ(x, rF)

rF
(5)

In a similar manner, the equilibrium equations for the infinitesimal fiber coating and adhesive
layer are represented, respectively, as follows:

∴
dσC
dx

= −
2[rFτ(x, rF) − rCτ(x, rC)]

rC2 − rF2 (6)

∴
dσA
dx

= −
πrCτ(x, rC) −WAτ(x, r)

WA(rC + r) − 1
2πrC2

(7)

Equation (7) can be written as below.

τ(x, r) =
1

WA

{
πrCτ(x, rC) −

[
WA(rC + r) −

1
2
πrC

2
]dσA

dx

}
(8)

From Equation (6),

rCτ(x, rC) = −
1
2
π
(
rC

2
− rF

2
)dσC

dx
+ rFτ(x, rF) (9)
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Equation (10) can be derived by substituting Equation (5) into Equation (9), as follows.

∴ τ(x, r) =
πrF

2

2WA

dσF

dx
−

π
(
rC

2
− rF

2
)

2WA

dσC
dx
−

(
rC + r−

πrC
2

2WA

)
dσA
dx

(10)

The stress transfer between the FRP and the OF is mostly dominated by the shear modulus
of elasticity, followed by the radial deformation of the OF. Thus, the Poisson effect can be ignored.
Equation (11) can be derived by substituting σ = Eε, ε = du/dx into Equation (10).

∴ τ(x, r) = −
πrF

2EF

2WA

dεF

dx
−

π
(
rC

2
− rF

2
)
EC

2WA

dεC
dx
−

(
rC + r−

πrC
2

2WA

)
EA

dεA
dx

= EF

−π·rF
2

2WA

dεF

dx
−

π
(
rC

2
− rF

2
)

2WA

EC
EF

dεC
dx
−

(
rC + r−

πrC
2

2WA

)
EA
EF

dεA
dx


(11)

The deformations of all layers are almost the same.

dεC
dx
�

dεA
dx
�

dεF

dx
(12)

Equation (13) can be obtained by substituting Equation (12) into Equation (11), as follows.

τ(x, r) =

−πrF
2

2WA
EF −

π
(
rC

2
− rF

2
)

2WA
EC −

(
rC + r−

πrC
2

2WA

)
EA

dεF

dx
(13)

Since the FBG sensor exhibits a long aspect ratio, the radial displacement can be ignored. That is,

τ(x, r) = GAγ(x, r) = GAγ

(
∂u
∂r

+
∂w
∂x

)
� GA

∂u
∂r

(14)

When Equation (14) is substituted into Equation (12) and then integrated with (rF, rH),∫ rH

rF

(
GA

du
dr

)
dr = −

∫ rH

rF

πrF
2

2WA
EF +

π
(
rC

2
− rF

2
)

2WA
EC +

(
rC + r−

πrC
2

2WA

)
EA

dr (15)

uH − uF = − rH−rF
WA−GA

{
π
2 rF

2EF +
π
2

(
rC

2
− rF

2
)
EC +

[
WA

(
rC + rF

2 + rH
2

)
−
π
2 rC

2
]
EA

} dεF
dx = − 1

k2
dεF
dx (16)

Thus, we can obtain;

k =

√
WA −GA

(rH − rF)
{
π
2 rF2·EF +

π
2 (rC2 − rF2)·EC +

[
WA

(
rC + rF

2 + rH
2

)
−
π
2 rC2

]
·EA

} (17)

where k is the strain lag parameter reflecting the effects of the fiber core, coating, and adhesive layer.
Differentiating Equation (16) with respect to x, yields:

d2εF(x)
dx2 − k2εF(x) = −k2εH (18)

The general solution of Equation (18) is:

εF(x) = C1ekx + C2e−kx + εH (19)

C1 and C2 are the integration constants and obtained by considering the boundary condition that
the axial stress of the fiber core is assumed free at both ends.
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εF(LF) = −εF(LF) = 0 (20)

C1 = C2 =
εH

2 cos h(K·LF)
(21)

Thus, the strain relationship of the fiber core to the host material at a given x coordinate is

εF(x) = εH

(
1−

cos h(K·x)
cosh(K·LF)

)
(22)

The maximum strain transfer rate ψH(0) happens at the midpoint of the fiber core (i.e., the point
where x is equal to zero) and yields to:

ψH(0) =
εF(0)
εH

= 1−
1

cosh(K·LF)
(23)

Average strain transfer rate ψavg can be expressed as:

ψavg =
εF(x)
εH

=
2
∫ L

0 εF(x)dx

2LF·εH
= 1−

sin h(K·LF)

KLF cosh(K·LF)
(24)

5. Evaluation of the Sensing Capacity of FRP Strip with Fiber Optic Sensor

The transfer of strain between the OF and FRP of specimens shown in Table 6 was evaluated
in accordance with the aforementioned strain transfer mechanism. The mechanical properties of the
OF, epoxy, and FRP are summarized in Table 8. These values are the information provided by the
manufacturer and the values used by the previous researchers [26,27]. In addition, the cross-sectional
dimensions of each material are shown in Table 9.

Table 8. Mechanical properties for the OF, epoxy, and FRP considered in the model.

Material Properties Value

Fiber core
Young’s modulus, EF (Pa) 7.2× 1010

Poisson’s ratio, λF 0.17

Fiber coating Young’s modulus, EC (Pa) 2.55× 106

Poisson’s ratio, λC 0.48

Epoxy
Young’s modulus, EA (Pa) 3.4× 109

Poisson’s ratio, λA 0.34
Shear modulus, GA (Pa) 1.27× 109

FRP
Young’s modulus, EH (Pa) 1.65× 108

Poisson’s ratio, λH 0.35

Table 9. Dimensions of the OF, epoxy, and FRP in the model.

Material Value (mm)

Half diameter of fiber core, rF 0.0625
Half diameter of fiber coating, rC 0.125

Half-thickness of epoxy, rH 1.3
Bonded width of epoxy, WA 30

Thickness of FRP, WH 1.2

Figure 18 shows the strain transfer from the FRP to the OF sensor evaluated using the analysis
model according to the adhesion length. The horizontal axis represents the distance from the center
of the specimen and the vertical axis represents the average strain transfer ratio from the FRP to the
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optical fiber. If the values on the vertical axis are close to “1”, it means that the transfer rate is close
to 100%. The OF adhesion length LF is changed from 10 mm to 50 mm, and the strain transfer rate
and the strain ratio of the OF to FRP decrease rapidly from each adhesion length to the end portion.
In addition, as the adhesion length increases, the region where the strain transfer rate is close to 1.0
gradually increases. In the figure, the shaded part is the region where the FBG is formed in the OF,
and its length is 5 mm from the center of the specimen. When LF is 10 mm, the transfer rate decreases
rapidly, even within a sensing part of 5 mm, and the strain ratio of the OF to FRP also drops sharply.
Therefore, when LF is 10 mm, the strain that occurs in the FRP is not sufficiently transferred to the OF
due to the shear lag phenomenon. On the other hand, when LF is not less than 20 mm, there is almost
no change in the average strain transfer, and a decrease in the strain ratio of the OF to FRP rarely occurs
within the sensing part. Table 10 shows the calculated length of the region with the perfect transfer of
strain for each adhesion length. When the adhesion length is 17 mm, the perfect transfer of strain is
possible up to 5 mm, where the grating is formed. Therefore, an adhesion length of not less than this
length is required. In the test result shown in Figure 17, when the adhesion length is 10 mm, there is a
significant difference in strains between the electric gauge and the optical fiber. On the other hand,
almost similar results between those are obtained when it is not less than 20 mm. This confirms that
the values calculated using the model are very close to the test results. Therefore, it is expected that
the proposed model can be used to properly predict the strain transfer of FRP strips with a fiber optic
sensor and can also be utilized when determining the optimum dimensions.

Sustainability 2020, 12, x FOR PEER REVIEW 17 of 20 

and its length is 5 mm from the center of the specimen. When 𝐿  is 10 mm, the transfer rate decreases 
rapidly, even within a sensing part of 5 mm, and the strain ratio of the OF to FRP also drops sharply. 
Therefore, when 𝐿  is 10 mm, the strain that occurs in the FRP is not sufficiently transferred to the 
OF due to the shear lag phenomenon. On the other hand, when 𝐿  is not less than 20 mm, there is 
almost no change in the average strain transfer, and a decrease in the strain ratio of the OF to FRP 
rarely occurs within the sensing part. Table 10 shows the calculated length of the region with the 
perfect transfer of strain for each adhesion length. When the adhesion length is 17 mm, the perfect 
transfer of strain is possible up to 5 mm, where the grating is formed. Therefore, an adhesion length 
of not less than this length is required. In the test result shown in Figure 17, when the adhesion length 
is 10 mm, there is a significant difference in strains between the electric gauge and the optical fiber. 
On the other hand, almost similar results between those are obtained when it is not less than 20 mm. 
This confirms that the values calculated using the model are very close to the test results. Therefore, 
it is expected that the proposed model can be used to properly predict the strain transfer of FRP strips 
with a fiber optic sensor and can also be utilized when determining the optimum dimensions. 

 
(a) 

 
(b) 

Figure 18. Evaluation of strain transfer from the FRP to the OF sensor: (a) Variation of 
the average transfer ratio, Ψ ; (b) Variation of the strain ratio, ε /ε . 

  

Figure 18. Evaluation of strain transfer from the FRP to the OF sensor: (a) Variation of the average
transfer ratio, Ψavg; (b) Variation of the strain ratio, εF/εH.



Sustainability 2020, 12, 8501 17 of 19

Table 10. Bond length of the OF with an FBG for effective sensing.

Bond Length, LF (mm) Possible Length for Perfect Transfer of
Strain from FRP to OF Sensor (mm)

10 Impossible
17 5
20 8
30 18
40 28
50 38

6. Conclusions

In this paper, an embedding method of a fiber optic sensor in the FRP was studied to develop FRP
strip reinforcement with sensing capability for the retrofit of a reinforced concrete member in which
the FRP is embedded into the concrete cover. To this end, a series of experiments were conducted to
identify the tensile strength of the optical fiber in which an FBG is formed and examine the adhesive
strength when attaching the optical fiber to the FRP with epoxy. In addition, an analysis model was
applied to evaluate the sensing capacity according to the adhesion length when the FBG sensor was
coupled to the FRP with epoxy and was then evaluated experimentally. The conclusions obtained
through the study are as follows.

(1) As a result of the tensile test of the optical fiber with various adhesion length of optical fibers
between two FRPs from 10 to 100 mm, there was no difference in tensile strength up to 30 mm
of adhesion length, but it tended to increase proportionally at a longer adhesion length. When
the adhesion length was 100 mm, the maximum strength was reached as the tensile fracture
occurred in the optical fiber. At this time, the tensile strength obtained by dividing the load by the
cross-sectional area including coating was 237 MPa on average. When the FBG was formed in the
optical fiber, the tensile strength decreased by about 21.6% due to laser-inflicted damage when
compared to the case without FBG. In this case, the tensile strength of the optical fiber with the
FBG formed was reached when the adhesion length of the optical fiber was not less than 10 mm.

(2) When the optical fiber with the FBG was placed between two FRP strips and then integrated
with epoxy resin to fabricate the FRP strip with a fiber optic sensor, and the adhesion length
“L” of the optical fiber was changed from 10 to 50 mm, the optical fiber sensor of the FRP strip
with adhesion length “L” of 10 mm consistently showed the value corresponding to 74% of the
strain of electric gauge. This is because the deformation that occurs in the FRP is not sufficiently
transferred to the optical fiber due to the shear lag effect. On the other hand, when the adhesion
length was not less than 20 mm, the strain of the optical fiber sensor was found to be almost
identical to that of the electric gauge. These results suggest that an adhesion length of 20 mm or
more in one direction from the center, with a total adhesion length of more than 40 mm, needs to
be secured when the optical fiber is attached and fixed between the two FRP strips with epoxy.

(3) Based on the theoretical model of existing researchers, the model of the FRP strip with a fiber
optic sensor in which the optical fiber is embedded into two FRP strips was built, and the sensing
performance according to the adhesion length was evaluated. The results show that when the
adhesion length is 10 mm, there is a significant difference between the strain value of the electric
gauge and the strain of the optical fiber. On the other hand, almost similar results in the two
sensors are obtained when it is not less than 20 mm. This confirms that the values calculated
using the model are very close to the test results. Therefore, it is expected that the proposed
model can be used to properly predict the strain transfer of the FRP strip with a fiber optic sensor
and can also be utilized when determining optimum dimensions.
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