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Abstract: The interfacial debonding detection of multi-layered strengthened structures (i.e., carbon 

fiber reinforced polymer (CFRP) strengthened steel/concrete beams) has always been an important 

issue related to the integrity of this kind of composite structures. Direct use of fiber Bragg grating 

(FBG) sensors is difficult to perceive the shear strain. With the intention of accurately monitoring the 

interfacial bonding state based on optical fiber sensing technology, a smart CFRP-FBG composite is 

developed in this study. A theoretical model of the strengthened steel beam is first formulated to relate 

the interfacial shear stress with the normal stress of the CFRP-FBG composites. After confirming the 

structural integrity of the composites by an ultrasonic nondestructive testing technique, loading tests 

are conducted to examine the measurement accuracy of the FBGs embedded in series and the 

effectiveness of the composites in detecting the interfacial debonding failure. Results indicate that the 

proposed smart CFRP-FBG composites can accurately identify the interfacial debonding of the multi-

layered structures, and the degradation process of the interfacial bonding state can be favorably 

reflected by the variation of strain profiles measured by the FBGs embedded in series in the 

composites. The developed CFRP-FBG composites can be adopted to identify the damage and 

facilitate in-time maintenance of the multi-layered structures in practical applications. 

Keywords: Smart CFRP-FBG composites, strengthened steel structures, interfacial debonding, shear 

stress, structural health monitoring 

1. Introduction
Civil structures are always in the process of successive deterioration , due to the loading and 

environmental effects, natural and man-made disasters, and quality-control defects [1-3]. To 

undermine the deteriorating process and extend the service life of aging and degraded structures, 

strengthening and rehabilitating techniques become both environmentally and economically 

preferable rather than replacements. One of the widely accepted methods is the use of externally 

This is the Accepted Manuscript version of an article accepted for publication in Smart Materials and Structures. IOP Publishing Ltd is not responsible 
for any errors or omissions in this version of the manuscript or any version derived from it. The Version of Record is available online at https://doi.org/ 
10.1088/1361-665X/ab3add. 
This manuscript version is made available under the CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)

This is the Pre-Published Version.

mailto:wanghuaping1128@sina.cn
mailto:yiqing.ni@polyu.edu.hk


bonded carbon fiber reinforced polymer (CFRP) composites on the tensile surface of girder structures. 

Because of high strength, good durability, corrosion resistance and light weight of the composite 

materials, the flexural and shear performance and load-carrying capacity of the reinforced structures 

can be improved [4-5]. It is a competitive alternative to the conventional strengthening methods by 

using steel and concrete materials [6]. Although CFRP reinforced structures become more and more 

prevalent, the design method, damage and failure mechanisms, and durability are yet to be fully 

investigated. 

Research attempts including experimental studies, numerical analysis and theoretical 

exploration have been made to understand the mechanical behavior of CFRP strengthened concrete 

and steel structures [7-15]. The interfacial bonding state between the CFRP composite and the 

substrate structure is the utmost importance, because the gradual interfacial degradation leads to the 

premature debonding that greatly decreases the reinforcing effect [16-20]. In recent years, efforts 

have been given on developing structurally effective adhesives to prevent the debonding. However, 

the interfacial debonding is still the universal failure mode of CFRP reinforced structures [21]. With 

the failure of reinforcing measure, the deficient concrete/steel girder structures may fall down in a 

brittle manner under the double effect of heavy traffic load and extreme service environment, which 

can induce tremendous economic loss and even casualties. However, if the interfacial debonding can 

be accurately detected and the rehabilitation can be conducted in time, the unfavorable effect 

mentioned above can be alleviated [22-25]. Therefore, the condition monitoring of interfacial bonding 

state is critically important.  

Besides the interfacial bonding state, the reinforcing effect is also a significant aspect that 

structural engineers care. Researchers have explored the reinforcing effect by comparing the 

mechanical performance of reinforced structure with that of the unreinforced one [17, 26-30], which 

is feasible for laboratory experimental study. In practical engineering, the reinforcing measure is often 

projected according to the reinforcing design code that is largely based on the findings from 

laboratory tests. However, the differences on scale size, construction and loading environment of the 

structure in field with that in laboratory may lead to the actual reinforcing effect weaker than the 

design expectation. It is also worth noting that the enhancement of strength and stiffness can be 

guaranteed only when a satisfactory bonding state between the host structure and the attached CFRP 

composite is maintained.  

The interfacial bonding state usually experiences a gradual and invisible degradation process 

before the debonding can be straightforwardly observed. The unseen damage growing to critical 

levels without detection is a serious cause for concern. Sensing techniques by using strain gauges 

[19,31-32], acoustic emission [33], piezoceramics [34], ultrasonic wave [35-37] and infrared imaging 

[38-39] have been applied to detect the debonding, but with significant limitations. For example, they 



have shown high susceptibility to electromagnetic interference of vehicles in motion, and are difficult 

to  monitor the occurrence and propagation of damage with high precision [40]. To overcome these 

shortcomings, advanced optical fiber sensing technologies with characteristics of high sensitivity and 

precision, long-term stability and durability, good geometrical shape-versatility, corrosion resistance, 

anti-electromagnetic interference and low cost have been adopted [41-43]. Furthermore, due to the 

narrow-band wavelength reflection, FBGs are conveniently multiplexed in a sensing network by 

using wavelength-domain multiplexing technique [44-50]. 

Surface-attached FBGs can be used to directly measure the strain of CFRP composite and the 

reinforced structure. In this regard, the function of FBGs is similar to strain gauges. The change of 

interfacial bonding state can be roughly detected by embedding optical fiber sensors into the adhesive 

layer [51-52]. However, to make full use of FBGs and conveniently realize the strain monitoring, 

FBGs can be integrated with CFRP composites to configure the smart CFRP-FBG composites. 

Previous studies focused on exploring the mechanical behavior and possible damage modes (i.e., 

crack and delamination) of the CFRP composite embedded with bare FBGs under different loading 

conditions (i.e., impact and fatigue loads) [53-55]. Some research presented preliminary 

investigations on the possible application of the smart CFRP strips embedded with FBGs and 

distributed optical fibers for strengthening and monitoring the structures [56-61]. However, these 

studies emphasize the performance of the CFRP composites, and ignore the potential application of 

the smart composites. 

Given the above, smart CFRP-FBG composites are proposed in this study to simultaneously 

strengthen the structure and monitor the interfacial debonding. The uniqueness of this technique is 

the in-situ self-sensing of damage, which is in parallel with the development of nondestructive testing 

and evaluation techniques. CFRP material is adopted to package FBGs and configure the smart 

CFRP-FBG composites. The smart CFRP-FBG composite can be regarded as a novel sensor, which 

can not only realize the monitoring function, but also offer the strengthening function. A theoretical 

study is presented to demonstrate the feasibility of the proposed method, and experimental 

verification is performed to validate the effectiveness. 

2. Theoretical modeling and analysis 
2.1 Model description 
To monitor the interfacial debonding of a CFRP reinforced structure, it is essential to understand the 

mutual interaction and the damage mechanism. Therefore, a theoretical model is first formulated to 

describe the stress relationships. A steel beam model with a H-shaped cross section is considered, 

where a CFRP composite is attached on the beam bottom. As shown in Fig. 1, the simply supported 

constraint and four-point bending loading are considered. The span and the height of the beam are 

2( l a+ ) and 2 0z , respectively. The length, width and thickness of the CFRP composite are separately 



denoted as 2 l  , cb   and ct  . P   is the load. b   is the distance of the load point to the origin of the 

coordinate. The origin of the coordinate system is located at the neutral axis of the beam.  
 

 
Fig. 1 Steel beam strengthened with CFRP composite 

 

 
Fig. 2 Infinitesimal element of a three-layered strengthened beam  

 
To obtain a general expression, an arbitrary cross section is considered in the theoretical 

derivation. An infinitesimal element, dx , is selected from the reinforced beam. The stress state of a 

three-layered model is shown in Fig. 2. ( )sM x  , ( )sN x   and ( )sV x   are the bending moment, axial 

force and shear force of the steel beam, respectively. ( )cN x  is the axial force of the CFRP composite. 

( )a xτ  is the interfacial shear stress. The thickness of the adhesive layer is at . Two assumptions are 

made hereafter: (i) the bending stiffness of the beam to be strengthened is much greater than the 

stiffness of the strengthening plate; and (ii) the stresses in the adhesive layer don’t change along the 

thickness direction (i.e., the adhesive layer is thin). Therefore, the bending moment in the CFRP 

composite is negligible, which implies that the normal stress in the bonding zone can be ignored, as 

displayed in Fig. 2.  

2.2 Theoretical analysis 
The applied load can be transferred to the CFRP composite by the interfacial stresses between the 

steel and the adhesive, and the adhesive and the CFRP composite. The compatibility condition of the 

three-layered beam structure produces the shear stress in the adhesive layer as [12]: 

( ) [ ( ) ( )]a
a c s

a

Gx u x u x
t

τ = −                                                          (1) 



where ( )cu x and ( )su x are separately the displacements of the CFRP composite and the steel beam 

along the x -direction; aG  is the shear modulus of the adhesive. 

The strains of the steel beam and the CFRP composite can be given by the following equations 

[29]: 

 ( ) ( ) ( )( ) s s s
s

s s s s

du x M x N xx
dx E W E A

ε = = − ; ( ) ( )( ) c c
c

c c

du x N xx
dx E A
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where sE , sW  and sA  are the elastic modulus, section modulus in bending and cross-sectional area 
of the steel beam, respectively; cE  and cA  are the elastic modulus and cross-sectional area of the 
CFRP composite. 

Differentiating Eq. (1) and Eq. (2) with respect to x  yields: 
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Substituting Eqs. (6) and (7) into Eqs. (4) and (5) generates: 
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and then substituting Eqs. (8) and (9) into Eq. (3) yields: 
2
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Thus the governing equation can be rewritten as 
2

2
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The solution of Eq. (11) and its first derivative with respect to x  are given by 
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Since a singularity beneath the point load P  exists, the differential equation (12) is valid for 

0 x b< < [62]. Hence, the following formulas can be obtained from the constraints: 

( ) 0=a xτ    at  x b=                                                            (14a) 
0= =s cN N     at  0x=                                                         (14b) 

=sM Pa   at  0x=                                                            (14c) 
The subtraction of Eq. (1) from Eq. (2) yields: 

( ) ( ) ( ) ( )[ ]a a c s s
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If x = 0, it reduces to: 
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Making use of Eq. (16), the constant 2C  can be obtained from Eq. (13) as 

2
a
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and the constant 1C  can be derived from Eq. (14a) as 
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The interfacial shear stress can be expressed as 
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According to the assumption given in [62], if 5bλ > , Eq. (19) can be simplified as 
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a
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By using Eq. (2) and Eq. (7), the normal stress of the CFRP composite can be obtained as  

2

(1 )( )
x

a
c

c a s s
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σ
λ

−− +
= , 0 x b≤ ≤                                            (21) 

A physical model to be tested in Section 4 is discussed here. The geometrical and material 

parameters of the steel beam and the CFRP composite are described in Table 1. The distribution of 

the interfacial shear stress and the normal stress of the CFRP composite under the load (P = 1 kN) can 

be obtained by substituting the given parameters into Eq. (20) and Eq. (21). The abscissa axis in Fig. 

3 is x , with its value ranging from 0  to b . As shown in Fig. 3(a), the interfacial shear stress decreases 

nonlinearly from the end to the central and the maximum value occurs in the end ( 0x= ). The normal 

stress of the CFRP composite presents an increasing tendency from the end to the central as shown 

in Fig. 3(b) and the maximum value is at the position adjacent to the central. Besides, the normal 

stress of the CFRP composite is far larger than the interfacial shear stress. In general, the interfacial 

shear stress can be reflected from the normal stress of the CFRP composite if the interface is in an 

ideal bonding state without damage or degradation. 



 

 

Table 1 Physical parameters of the CFRP reinforced steel beam in test 

Parameter Label Value Unit 
Flange thickness  9×10-3 m 
Web width  6×10-3 m 
Width  1.25×10-1 m 
Half of the height z0 6.25×10-2 m 

Area of cross section of steel beam As 2.892×10-3 m2 

Area of cross section of CFRP composite Ac 3×10-4 m2 

Width of CFRP composite bc 1×10-1 m 

Thickness of adhesive layer ta 1.5×10-3 m 

Young’s modulus of steel Es 2.06×1011 N/m2 

Young’s modulus of CFRP Ec 3.07×1011 N/m2 

Shear modulus of adhesive Ga 1.154×109 N/m2 
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Fig. 3 Stress profiles under the load of P = 1 kN: (a) Interfacial shear stress; (b) Normal stress of the CFRP 

composite  

 
3. Smart CFRP-FBG composite 
3.1 Fabrication procedure 

The smart CFRP-FBG composite embedded with quasi-distributed FBGs in series is developed 

to monitor the interfacial bonding state between the reinforced structure and the surface-attached 

CFRP composite. Vacuum hot-pressed sintered technology is adopted to mold the smart 

composite. The main equipment used in production is the econoclave (EC1.2 m × 2.4 m) with 

working diameter 1219 mm and working length 2438 mm. The maximum operating pressure is 

150 psi. The cross section of the CFRP composite is 100 mm × 700 mm, and the thickness is 3 

mm. A 3-mm-thickness plate is laminated by 16-layer carbon fiber strips and the thickness of 

each strip is 0.2 mm. The detailed fabrication process can be described as follows: (i) 16 pieces 

of CFRP strips are prepared and the cross section of each strip is about 150 mm × 750 mm, 



slightly larger than the design size; (ii) 8 pieces of strips immersed in epoxy resin are piled up 

on the high strength aluminum alloy platform and then the FBGs in series are fixed on the 8-

layer CFRP strips, as displayed in Fig. 4(a); (iii) The remaining 8 pieces of strips are paved by 

layers and the roller is employed to artificially compact the laminates, as shown in Fig. 4(b); (iv) 

Blue plastic films are placed on the surface of the CFRP laminates and the leading-out optical 

fiber lines. They are used to keep the epoxy resin from the white stone cotton. The vacuum 

compacting is then conducted to primarily cure the multi-layer laminates (see Fig. 4(c) and Fig. 

4(d)). The process lasts about 3 hours; (v) Small aluminum samples are then placed on the cured 

CFRP laminates. Thermal couple probes are then fixed on the central and the side end to detect 

the curing temperature during the vacuum hot-pressed process in the econoclave (see Fig. 4(e) 

and Fig. 4(f)); and (vi) The sealed CFRP laminates are then placed into the econoclave and the 

vacuum pressurization process lasts about 3.5 hours. The pressure and temperature variations in 

the ASC (Autoclave Systems for Aerospace Composites) process system are provided in Fig. 5; 

and (vii) The molded CFRP composites are taken from the econoclave and smart CFRP-FBG 

composites are successfully achieved (see Fig. 4(g) and Fig. 4(h)). Two smart CFRP-FBG 

composites have been fabricated to examine the stability of the structural performance. One 

sample without FBGs has also been fabricated for tensile test. 
 

 



 
Fig. 4 Fabrication procedure of the smart CFRP-FBG composite: (a) FBGs in series fixed on the 8-layer CFRP 

strips; (b) 16-layer CFRP strips embedded with FBGs in series; (c) Seal for vacuum preloading; (d) Initial 

molding composite; (e) Installation of thermal couplers; (f) ASC process system; (g) Second molding 

composite; (h) CFRP-FBG composite  
 

Optical fiber patch cords have been adopted to connect the leading-out fibers of the smart 

CFRP-FBG composites to the interrogator SM130 produced by Micro Optics Inc. The central 

wavelengths of FBGs in series in the CFRP composites are presented in Fig. 6. The signal check 

shows that the FBGs in series in the two composites perform well and a 100% survival ratio is 

achieved. It indicates that the smart CFRP-FBG composite can be successfully constructed by 

the proposed fabrication process and FBGs embedded in the CFRP composite can survive. 

Another important point is that the careful protection of the leading-out optical fibers at the two 

ends of the CFRP composite should be conducted to keep the brittle fiber from the immersion 

of epoxy resin and the possible shear force incurred in the fabrication process.  

 



 
Fig. 5 Variation of temperatures and pressures in the ASC process system over time 

 
Fig. 6 Smart CFRP-FBG composites: (a) Two tested samples; (b) Central wavelengths of FBGs in series in 

Sample 1; and (c) Central wavelengths of FBGs in series in Sample 2 
 

3.2 Nondestructive testing 

The embedment of FBGs in series may induce defects (i.e., micro porosity and microcracks 

around the embedded optical fiber) in the multi-layer CFRP laminates. For this reason, ultrasonic 

flaw detector produced by SONATEST is adopted to inspect the inner bonding state of the carbon 

fiber strips, epoxy resin and optical fibers, as shown in Fig. 7. The Sonatest Veo flaw detector 

is an advanced phased array ultrasonic testing (PAUT) system used to detect the embedded 

defects. The Veo has an easy-to-view computer-human interface and simple operating control 

panel, making it more intuitive to quickly identify defects. The flaw detection of this system is 

based on ultrasonic pulse-echo (PE) inspection with a linear array ultrasonic wheel probe of 64 

elements. The probes are normal to the inspection surface in an immersion configuration and 

water is used as the couplant. The existing defects, including micropores and microcracks will 

interact and diffract the incident ultrasonic waves and generate echoes by reflection, resulting in 

the variation of the received ultrasonic amplitude. With careful selection of the amplitude 

threshold, it is easy to identify the defects from the A-scan signal. The ultrasonic wheel probe is 

attached to a 2D scanning frame, enabling a scanning scheme on the surface of the CFRP-FBG 



composites and forming amplitude C-scans of this specimen.  

The color of C-scans indicates the existence of defects and the deeper color corresponds to 

the sever defects. The testing results show that the carbon fiber strips have been uniformly 

distributed and the inserted sensing fiber causes no micro flaws in the CFRP composite. However, 

small defects exist at the two ends of the CFRP composite, which are caused by the perturbation 

of white optical fiber loose sleeve. Further measure can be considered to improve the structural 

integrity of the CFRP composite.  
 

 
Fig. 7 Ultrasonic testing on the CFRP-FBG composite: (a) Ultrasonic probe; (b) Flaw detector 

 

4. Experimental investigation 
4.1 Experimental setup 

To examine the measurement accuracy and the possibility of the smart CFRP-FBG composites to 

perceive the interfacial bonding state, a smart CFRP-FBG composite reinforced steel beam has been 

designed. As shown in Fig. 8, the span of the steel beam is 1800 mm, and the height and width are 

both 125 mm. The web width of the H-shaped cross section is 6 mm and the flange thickness is 9 mm. 

The four-point bending loading mode is designed and the distance between the two loading points is 

300 mm. The sensor layout on the CFRP-FBG composite is displayed in Fig. 9. The FBG sensing 

elements in the plate are numbered as FBGs-en (n = 1, 2, 3, …, 9). FBGs-e1 located at the right side 

has the smallest wavelength (about 1532 nm) and FBGs-e9 located at the left side has the largest 



wavelength (1554 nm). The wavelength interval between the two adjacent FBGs is about 3 nm. The 

distance interval between two adjacent FBGs is about 75 mm. Besides the embedded FBGs, five bare 

FBGs for proofreading have been bonded on the bottom surface of the composite with fixed intervals 

(150 mm). The surface-attached FBG sensors are marked as FBG-sn (n = 1, 2, 3, …5). The smart 

CFRP-FBG composite developed in Section 3 is attached on the beam bottom with a kind of epoxy 

resin, as shown in Fig. 10(a). Simply supported constraint is considered and step load is applied to 

the beam, with its range from 5 kN to 120 kN. The physical model of the reinforced steel beam is 

displayed in Fig. 10. The data acquisition system Si255 produced by Micro Optic In. is employed to 

record the data automatically. LVDTs have been installed on the supports and the center to measure 

the vertical deflection.  

 

 
Fig. 8 Configuration of the steel beam reinforced with smart CFRP-FBG composite 

 
Fig. 9 Layout of sensors on the smart CFRP-FBG composite 

 
Fig. 10 Physical model in test: (a) Attached CFRP-FBG composite; (b) Reinforced steel beam; (c) Loading setup; 

(d) Si255 for data acquisition    



 

4.2 Result and discussion 

The load-deflection curve in Fig. 11 shows that the CFRP reinforced beam has experienced a 

relatively long elastic stage. When the load ( 2P ) reaches 100 kN, the beam begins to yield. To verify 

the effectiveness of the developed CFRP-FBG composite for strain measurement, a comparison 

between the data measured by FBGs in series in the composite and the surface-attached FBGs has 

been conducted. Fig. 12(a) and Fig. 12(b) separately present the strain profiles under loading ( 2P =5 

kN ~ 80 kN). It is shown that the strain profiles experience a stable ascendency with the increase of 

applied load. The strains measured by FBG sensing elements inside and on the CFRP composite are 

nearly equivalent. It can be explained that the thickness of the CFRP composite is very thin and the 

discrepancy is mainly induced by the location difference as manifested in the beam theory. The 

deformation of the beam at the left side is relatively higher than that at the right side, which can be 

attributed to the load unequally distributed to the two loading points. In general, the FBGs in the 

CFRP composite can well reflect the strain state, which implies that the smart CFRP-FBG composite 

can be instead of additional sensors. The CFRP composite behaves as the protective coating and the 

sensing fiber contacts directly with the host material (CFRP composite). The strain transfer loss in 

this case can be avoided, and the strain reading from the FBGs can represent the actual strain of the 

host material. Besides, the stable increase of the strain profiles with the load along the bonded length 

also indicates that the deformation of the beam has been well transferred to the CFRP composite, and 

no interfacial defect occurs during this stage. 
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Fig. 11 Load-deflection curve of the CFRP reinforced steel beam at mid-span 
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Fig. 12 Strain of the CFRP composite: (a) FBGs in series; (b) FBGs on the bottom surface  

 
4.3 Validation of the proposed method to detect the interfacial bonding state 

Considerable research has been conducted to depict the interfacial bonding state. Various principles 

have been proposed to reflect the bond-slip relationship based on the theoretical analysis and 

experimental investigation under different loading conditions [62]. The theoretical study presented in 

Section 2 shows that the interfacial shear stress has close relationship with the normal stress of the 

CFRP composite under specified assumptions. In other words, it can be adopted to monitor the normal 

stress (or strain) of the CFRP composite, and then the real-time interfacial bonding state can be 

identified by using the obtained theoretical function [63]. A comparison between the theoretical 

results and the measured results is made for the validation of the proposed method. The strain data 

obtained from the theoretical analysis and those by the monitoring technique under different loads 

are displayed in Fig. 13. It can be found that the measured strain profiles present a similar evolution 

pattern with the theoretical strain profiles. The gap between the measured strain curves and the 

theoretical ones can be attributed to the simplification made in the theoretical analysis, the imperfect 

interfacial bonding state even in the elastic stage, and the measurement error induced by strain transfer 

loss [64]. The difference between the theoretical strain and measured strain increases with the 

increment of the load. This is because the higher load leads to larger discrepancy between the 

theoretical model and the actual structure. However, the interfacial debonding detection is determined 

by the continuous strain profiles measured by the FBGs in series, and thus the difference cannot affect 

the damage identification. 
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Fig. 13 Predicted strains and measured strains by FBGs in series along the bonded length under different loads 

 
5. Interfacial debonding detection by the smart CFRP-FBG composite 
The theoretical analysis in Section 2 shows that the interfacial shear stress between the steel beam 

and the surface-attached CFRP composite can be described by the normal stress of the CFRP 

composite. Although the formulated relationship is in the elastic stage, it can still be expected that the 

interfacial bonding state can be reflected from the evolution of the normal stress (or strain) profiles 

of the CFRP composite during the whole process. This is because the deformation of the steel beam 

under different loads is transferred to the CFRP composite by the interfacial bonding stresses. If the 

interface experiences a gradual deterioration, the load transfer path changes and abnormal variation 

can be observed in the stress (or strain) profiles of the CFRP composite. The interfacial defect would 

lead to the deformation transfer loss.  

A case study on the tested CFRP reinforced beam is conducted and some conclusions can be 

drawn from the data analysis. The interfacial debonding failure occurs in the plastic stage at a brittle 

manner. It starts from one end of the CFRP composite and stops at the axisymmetric center of the 

reinforced beam, as shown in Fig. 14. The strain profiles measured by the five FBGs attached on the 

bottom surface of the CFRP composite are presented in Fig. 15. The strain profiles of the FBGs 

embedded in series into the CFRP composite are illustrated in Fig. 16. It can be seen that the strains 

go through a linear and stable increase with the increment of load (0-100 kN) in 3000 seconds. During 

the period of 3000 seconds to 7750 seconds, the strain profiles experience a nonlinear and smooth 

ascendency with the increase of load (100 kN-120 kN), which means that local defects exist in the 

system. When the load stabilizes at 120 kN and the corresponding time is around 7750 seconds, 

sudden changes have been observed in all the strain profiles. It means that the end debonding failure 

occurs at the 7750 seconds. An obvious increase and decrease of the two pairs of FBG sensing 

elements (i.e., FBG-s1 and FBG-s5, FBGs-e1 and FBGs-e9) separately located at the two ends of the 

CFRP composite can be observed from Fig. 15 and Fig. 16. The strain profiles of FBG-s5 and FBGs-



e1 located at the right side of the composite show an abnormal decrease while those of FBG-s1 and 

FBGs-e9 located at the left side show a sudden increase. It can be inferred that the interfacial 

debonding starts from the right side, which agrees well with the observed failure mode. The strain 

profiles in the middle positions have a sudden increase at the 7750 seconds and then decrease at 

different attenuation rates. It can also be found that the attenuation rate of the strains approaching the 

debonding point is faster than that away from the debonding point.  
 

 
Fig. 14 Interfacial debonding of the smart CFRP-FBG composite strengthened steel beam 
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Fig. 15 Strains measured by FBGs attached on the bottom surface of the CFRP composite under increased loads 
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Fig. 16 Strains measured by FBGs in series in the CFRP composite under increased loads 

 

Fig. 17 shows the strain profiles of the CFRP composite measured by FBGs attached on the 

bottom surface at several different moments. Fig. 18 displays the strain profiles of the composite 

measured by the embedded FBGs in series. It is seen that local strain has a slight decrease with the 

occurrence of interfacial debonding under settled load (120 kN). When the interfacial debonding point 

propagates from the end to the center, the strain profiles present a gradual decadency from the end 

debonding to the central. The strains at the bond intact zone also decrease and then keep at a very low 

level. In other words, the interfacial debonding can be identified by inspecting the variation of the 

continuous strain profiles of the FBGs embedded in series in the CFRP composite. 
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Fig. 17 Variation of strains measured by surface-attached FBGs with the occurrence of interfacial debonding 
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Fig.18 Variation of strains measured by FBGs in series with the occurrence of interfacial debonding 

 

Given the data analysis from Fig. 15 to Fig. 18, it can be concluded that the interfacial debonding 

can be satisfactorily identified by the strain variation of the smart CFRP-FBG composite in the whole 

process. The strain profiles measured by the FBGs embedded in series and the surface-attached FBGs 

of the CFRP composite validate the effectiveness and accuracy of the developed CFRP-FBG 

composite.    

 

6. Conclusions 
To develop a feasible and reliable monitoring technique for identifying the interfacial debonding, a 

smart CFRP-FBG composite has been designed. Theoretical and experimental investigations have 

been conducted to verify the effectiveness of the proposed method. The following conclusions can be 

drawn from the study: 

(1) The interaction between the steel beam and the CFRP composite is mainly dependent on the 

bonding state of the interface, and the interfacial shear stress can be described by the normal stress 

of the CFRP composite; 

(2) The devised CFRP-FBG composite shows a stable structural integrity as corroborated by 

ultrasonic-based nondestructive testing, and some micro defects induced by the insertion of white 

optical fiber loose tube exist at the two ends of the CFRP composite; 

(3) The FBGs embedded in series in the CFRP composite perform well and provide satisfactory 

measurement accuracy. In engineering practice, the FBGs embedded in series can substitute for 

the surface-attached FBG sensors; 

(4) The strain profiles of the CFRP composite measured by the FBGs embedded in series and surface-

attached FBG sensors validate that the smart CFRP-FBG composite can efficiently identify the 



interfacial debonding.  

The smart CFRP-FBG composite has been proved to simultaneously strengthen the structure 

and monitor the interfacial bonding condition. It acts as a novel sensor with multi-function. Study on 

the damage index extracted from the measurements of the smart CFRP-FBG composite will be 

conducted in future work, which will be helpful to automatic recognition of the interfacial debonding 

in an FBG-based SHM system. 
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