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Abstract 

This study investigated damage identification in holed CFRP laminates under cyclic 

loading by using an embedded fiber Bragg grating (FBG) sensor. Ply cracks and delamination 

extended near the hole with an increasing number of cycles, and the reflection spectrum from 

the FBG sensor was distorted. Moreover, debonding growth of the FBG sensor was observed. 

This study then estimated laminate damage pattern from reflection spectra and investigated 

the influence of the sensor debonding on damage identification. The debonding length was 

estimated from the spectrum simulated with a given debonding length and was successfully 

identified only when an appropriate damage pattern was assumed. Moreover, greater 

debonding induced invalid damage-pattern estimates, even if the debonding length was given 

in the estimation. The damage identification for simulations and for experiments required half 

of the intact gage section. These estimates indicated that information on the damage pattern 

disappeared from the spectrum shape because of debonding. 

Keywords: A. Polymer-matrix composites (PMCs), B. Fatigue, B. Delamination, Inverse 

analysis. 
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1. Introduction 

Carbon fiber reinforced plastics (CFRPs) have been applied to primary structural 

components because of their beneficial mechanical properties (e.g., high specific strength, 

high specific modulus, and high fatigue limit). However, microscopic damage occurs due to 

cyclic loading in composite laminates. In particular, matrix cracks and delaminations 

accumulate near stress concentrations, and the damage pattern is complicated [1]. Moreover, 

the extension of fatigue damage causes strength degradation. 

Structural health monitoring (SHM) systems that detect damage extension are useful for 

improving structural reliability. Fiber Bragg grating (FBG) sensors have been used to 

accurately measure strain and temperature. FBGs have also been applied to detect 

non-uniform strain distribution. Peters et al. [2,3] and Botsis et al. [4] embedded FBG sensors 

in various non-homogeneous strain fields and confirmed their response by analytical 

modeling. Takeda and colleagues [5,6] applied the sensitivity of FBG sensors to non-uniform 

strain fields to the detection of transverse cracks and delamination in CFRP laminates. Garrett 

[7] used embedded FBG sensor networks to evaluate local residual post-impact strain of 

woven composite laminates. The authors [8,9] monitored the extension of complex tensile 

damage near stress concentrations using FBG sensors, and analyzed the mechanisms of 

damage detection. Sorensen et al. [10] measured non-uniform strains due to mode-I 

delamination by optical low-coherence reflectometry and the inverse scattering method, and 

identified bridging tractions in double cantilever beam composite specimens. Takeda [11] and 

Tsuda [12] employed FBG sensors for Lamb wave detection to evaluate impact damage in 

CFRP laminates.  

Our previous study [13] applied embedded FBG sensors to detect damage extension in 

holed CFRP cross-ply laminates under cyclic loading. The stacking configuration was 

cross-ply [02/902]S; the specimen was 30 mm wide and had a hole with a diameter of 5 mm at 

the center. The specimen was subjected to cyclic loading, where the maximum stress was 260 

MPa (0.4% strain) and the stress ratio was 0.1. This stress level was lower than that of the first 

damage generation in static loading. The FBG sensor debonded from the matrix due to cyclic 
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loading (Fig. 1), but did not debond under static loading. A narrowband spectrum was 

measured after debonding (Fig. 2) in fatigue tests, since debonding induced a constant 

longitudinal strain along the FBG sensor. Thus, information on the laminate (damage) was 

lost from the reflection spectrum. Here, the longitudinal strain extracted from the embedded 

FBG coincided with the host material, although the FBG sensor was coated with polyimide. 

However, most previous studies [5-12] detected damage by completely bonded FBG 

sensors, and debonding of the embedded sensor has not been analyzed. As with cyclic loading 

[13], progressive debonding of the FBG sensor from epoxy resin was indicated after sufficient 

exposure to moisture [14]. Therefore, the effect of debonding on damage monitoring should 

be clarified, considering long-term durability. 

In this study, fatigue damage of the holed composite laminate was numerically estimated 

from reflection spectra of a debonded FBG sensor, and the applicability of the damage 

estimation scheme was investigated versus the debonding length. First, inverse analysis of 

damage identification [15] was extended to consider debonding of the embedded FBG sensor. 

Damage of the laminate and debonding were then estimated from reflection spectra of both 

simulations and experiments. Estimation accuracy was analyzed considering the debonding 

length. 

 

2. Inverse analysis of damage identification 

The damage patterns of composite laminates were estimated from the reflection spectra of 

an embedded FBG sensor independently of the physical damage extension process. This 

inverse analysis required an analytical model that reproduced an arbitrary damage pattern, and 

finite-element analysis that could control the damaged region by cohesive elements was then 

developed. Since this finite-element model did not analyze debonding of the embedded 

optical fiber, shear-lag analysis was performed to calculate the strain distribution in the 

debonded optical fiber. Section 2.1 describes the analytical procedure to calculate the 

reflection spectrum of the debonded FBG sensor embedded in a holed composite laminate 

with an arbitrary damage pattern. 
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Section 2.2 describes the inverse analysis of damage identification. Design variables 

representing the laminate damage pattern were optimized by minimizing errors between the 

target spectrum and the calculated one. 

 

2.1 Analytical model 

In order to analyze the reflection spectrum considering the damage in the laminate, the 

strain distribution of the embedded optical fiber was calculated by finite-element analysis, and 

cohesive elements were used to represent various cracks in the laminate. The cracking 

condition of all cohesive elements was controlled to correspond to the design variables 

described later. 

The CFRP cross-ply laminate depicted in Fig. 2 was studied. A 0.76mm-thick laminate was 

modeled for each ply, and damage with ply size was represented by cohesive elements. Figure 

3 illustrates a 1/8 model considering symmetry. The model was divided into two layers of 0° 

ply and 90° ply, and four-node isoparametric Mindlin plate elements were applied to these 

layers to investigate out-of-plane deformation. Furthermore, an optical fiber modeled by 

two-node truss elements was introduced into the 0° layer along the fiber (x) direction. The 

embedding position in the transverse (y) direction was less than 1.5 mm and was varied to 

correspond to the specimens. Since an optical fiber hardly carried loads except the 

longitudinal load, truss elements were sufficient for analyzing the strain distribution. 

This analysis considered splits, transverse cracks, and delamination; cohesive elements 

were then built into the position so that damage would occur. The relationship between 

traction T and relative displacement Δ was expressed as follows [16]. 

   btni
s

s
T i

ic

i
i ,,

1 max 




       (1) 

Here, the subscript n denotes the cracking mode of normal tension, t denotes the in-plane 

shear, and b denotes the out-of-plane shear; τimax is the maximum stress, and Δic (i = n, t, b) is 

the critical relative displacement in each cracking mode. The critical relative displacement is 

calculated from the critical energy release rate Gic (i = I, II, III). 
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The variable s in Eq. (1) represents all cracking conditions from intact cohesion to no 

cohesion; the cohesive element is equivalent to a penalty element when s is equal to an initial 

value sini (= 0.999 in this study), and becomes a crack surface when s is zero. As described in 

the following section, an arbitrary laminate damage pattern was developed by controlling the 

distribution of parameter s as a function of design variables. The strain distribution along the 

optical fiber was obtained by solving the virtual work principle. 

Since this finite-element analysis did not consider debonding of the embedded optical fiber, 

one-dimensional shear-lag analysis [13] was conducted to analyze the longitudinal strain 

distribution of the debonded optical fiber from that of the laminate. The optical fiber was 

assumed to be debonded from the position nearest to the hole and to have constant 

longitudinal strain in the debonded part. If the polyimide coating is assumed to transfer stress 

to the glass cladding, the shear stress of the coating is given by 
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where G is the shear modulus of the coating, wLAM is the displacement of the laminate at the 

embedding position, wf is the displacement of the glass cladding, Rc is the radius of the 

coating, and Rf is the radius of the glass cladding. The following equation is derived by 

considering stress transfer to the cladding by the coating. 
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Here, E is the Young’s modulus of the glass fiber. In order to solve Eq. (4), two boundary 

conditions are imposed: (1) the strain at the debonding tip, εD, is continuous, and (2) the 

displacement of the optical fiber is equal to that at the end of the laminate. The strain in 

debonding, εD, is converged taking into account the boundary conditions to obtain the 

displacement distribution of the optical fiber wf. First, εD was assumed to be a certain value 

(εD0), and wf for a given debonding length df was obtained from Eq. (4) and boundary 
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conditions. εD was then calculated based on the geometry of the optical fiber. 

    t
f
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,     (5) 

where εLAM is the applied strain for the model, L is the length of the model, and superscripts e 

and t for wf denote the model end and the debonding tip. The calculated εD is used as the 

assumed value εD0, and the same procedure is iterated until εD converges sufficiently. The 

longitudinal strain distribution of the optical fiber is finally calculated by the obtained 

displacement distribution wf. 

The corresponding reflection spectrum is numerically analyzed from the strain distribution 

of the optical fiber εf(x). An FBG sensor has periodic change in the refractive index of the core 

of the optical fiber, and reverse mode coupling can be generated in a waveguide. For an FBG 

sensor embedded in a laminate, the grating period Λ and the effective refractive index of the 

core neff are obtained as linear functions of the longitudinal strain εf [5,8]. 

       01  xx f       (6) 
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Here, Λ0 is the initial value for the grating period, n0 is the initial value for the effective 

refractive index, νf is Poisson’s ratio of the optical fiber, and p11 and p12 are the strain-optic 

coefficients where indices 1 and 2 denote the longitudinal direction and transverse direction of 

the optical fiber. The gage section with those sensor profiles is divided into many segments, 

and the grating period and the effective refractive index are assumed to be uniform in each 

segment. Mode coupling between the forward wave and the backward wave in each segment 

is then numerically calculated by the transfer matrix method [8,17]. 

Thus, a combination of finite-element analysis for the laminate with a controlled damage 

pattern, shear-lag analysis for the debonded optical fiber, and optical analysis is used to 

calculate the reflection spectrum of the FBG sensor, considering the damage pattern in the 

laminate. 
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2.2 Damage identification method 

The damage pattern in the laminate was estimated from the reflection spectrum of the 

embedded FBG sensor. Parameters to be estimated in the inverse analysis (i.e., design 

variables) are the size and shape of the delamination, and the size of transverse cracks. A 

damage pattern corresponding to a set of the design variables is temporarily developed in the 

analytical model, and the reflection spectrum is calculated. The calculated spectrum then 

numerically approximate the target (input) spectrum by optimizing the damage pattern. This 

damage identification involves an optimization problem that minimizes errors between the 

shape of the input spectrum and the estimated one. 

  Minimize:     
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0
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m
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  Design variables: d 

The reflection spectrum is represented by a Fourier series to quantitatively evaluate its shape, 

and am and ãm are the mth Fourier coefficients for the input spectrum and the estimated one. 

The estimated reflection spectrum ãm includes the influence of damage and debonding 

through the strain distribution of the gage section. The combination of the design variables 

that minimizes F(d) is defined as the identified result. 

Table 1 lists the physical meanings of the design variables, and Fig. 4 schematically 

illustrates the design variables, which are defined considering physical damage extension near 

the hole. The damaged zone and damage process zone are represented by setting the 

distribution of the residual strength parameter s of cohesive elements as functions of the 

design variables d. The shape of the delamination is approximated by the following equation 

in Cartesian coordinates ξ-η whose origin is (x,y) = (2.0,2.5). 

  0,0,1
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dd dd
    (9) 

Here, dd1 is the half length of the major axis of delamination, and dd2 is the half length of the 

minor axis of delamination; α and β define the delamination shape. Equation (9) can draw 

various curved lines within 0≤ξ≤dd1 and 0≤η≤dd2 and draws an ellipse when α = β = 2. The 
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cohesive elements for delamination are completely damaged in the area expressed by Eq. (9), 

and the residual strength parameter s of these elements is set to zero. The damage process 

zone where 0<s<sini is assumed to have a shape similar to that of a completely damaged zone, 

and its half length of the major axis is represented by design variable dd3. The distribution of 

the residual strength parameter in the damage process zone is expressed by a power law of the 

distance from the delamination tip. 

  10,  rrss p
ini       (10) 

Here, the normalized distance r is zero at the delamination tip and becomes unity at the tip of 

the process zone along a straight line connecting the origin of the ξ-η coordinates and an 

arbitrary point. Design variable p denotes the recovery of the cohesive stiffness. Thus, 

delamination is expressed by the six parameters dd1, dd2, dd3, α, β, and p. 

The distance from the hole edge to the farthest transverse crack is defined as design 

variable dc1. Under cyclic loading, transverse cracks gradually extend in the transverse 

direction (Fig. 2). The lengths of all the transverse cracks are assumed to be identical (design 

variable dc2). 

A previous study [8] demonstrated that splits in the 0° ply have little effect on the reflection 

spectrum of the FBG sensor in the 0° ply. Thus, the splitting is assumed to be the same size as 

the delamination process zone, since delamination near the hole extends from the tips of the 

splits. 

  0.23  ds dd        (11) 

Furthermore, debonding of the FBG sensor occurs from the hole edge with the highest 

stress, and the debonding length is expressed by design variable df. Accordingly, the design 

variable for all the damage types is  Tfccdd dddpddd ,,,,,,,, 2132d1 d . 

The damage identification procedure is as follows. 

1. Material properties and initial values of the design variables d are given. 

2. The damage pattern corresponding to the set of design variables is developed in the 

finite-element model by controlling the parameter s of cohesive elements. 
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3. The strain field of the laminate is analyzed by finite-element analysis. 

4. The strain distribution of the optical fiber is calculated for debonding length df by 

shear-lag analysis. 

5. The reflection spectrum is analyzed by the transfer matrix method considering the strain 

distribution of the FBG sensor. Here, the obtained spectrum differs from the target. 

6. The values of the design variables are modified based on a mathematical optimization 

technique (Fletcher-Powell method with the golden-section linear search) to minimize the 

objective function F(d). 

7. Steps 2 to 6 are repeated for the new design variables until F(d) has a minimum value. 

Here, F(d) contains many local minimum solutions, where the corresponding damage 

pattern is invalid. 

8. In order to obtain the global minimum solution, the tunneling algorithm [18] is applied at 

each local minimum solution. Steps 2 to 7 are repeated until no smaller value of F(d) can 

be found. 

The optimization problem had nine design variables, and calculation costs were high for all 

variables. Therefore, before optimizing all variables, a solution for each damage type was 

sought to obtain presumable initial values for all variables. This study estimated items in the 

following order: (1) debonding, (2) transverse cracks, (3) delamination, and (4) all the 

variables. 

 

3. Estimated results and discussion 

Tables 2 and 3 list the material properties and parameters of the cohesive elements used in 

this analysis. Uniform tensile stress was loaded at the longitudinal edge of the model, and the 

residual stress due to temperature change (ΔT = -100 K) during molding was also considered. 

Table 4 lists the optical properties for the embedded FBG sensor. 

Sections 3.1 and 3.2 estimated damage and debonding from simulated results with given 

debonding lengths to investigate their sensitivity. Damage identification is demonstrated for 

experiments in section 3.3. 
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3.1 Estimating debonding length 

Reflection spectra corresponding to given debonding lengths were calculated for the 

simulated damage state at N = 104 (Fig. 5), where N is the number of cycles. The debonding 

length was estimated from these reflection spectra. First, the design variables, except for df, 

were fixed at values that represented the damage pattern depicted in Fig. 5a. The estimated 

debonding length is plotted in Fig. 6a (■). The estimation error relative to the given length 

was within the size of a single mesh of the analysis model for debonding smaller than the 

gage length (12.5 mm), and the debonding length was accurately estimated. The debonding 

length was then estimated when no damage was assumed in the laminate. The result plotted in 

Fig. 6a (○) greatly differed from the given length. 

Figure 6b plots the wavelength at the maximum intensity of the reflection spectrum, which 

approximately corresponds to the strain in the gage section. The estimated wavelength 

coincided with that of the target spectrum when the correct damage pattern was assumed. 

However, when no damage occurred, the estimated wavelength was shorter than that of the 

target when debonding was within the gage length. This result indicated that the average 

strain in the gage section could not be reproduced by debonding alone. Therefore, an 

appropriate damage pattern was required to estimate the debonding length. 

 

3.2 Damage pattern estimation 

This section investigates the effect of debonding on estimation accuracy for the damage 

pattern. The damage pattern depicted in Fig. 5a was estimated from the simulated reflection 

spectrum considering a given debonding length, where debonding was fixed at the given 

length during optimization. Figure 7 depicts the estimated results for debonding with a length 

of 5 mm and that with a length of 10 mm. The estimated reflection spectrum agreed well with 

the input in both cases. When debonding was 5 mm long (Fig. 7a), slight delamination and 

transverse cracks appeared in the estimation and agreed well with the damage pattern depicted 

in Fig. 5a. However, a larger damaged region than that in Fig. 5a was estimated for greater 
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debonding (Fig. 7b). 

Two clear peaks appeared in the input spectrum when the debonding length was 40% to 

60% of the gage length as depicted in Fig. 5b. The intensity of the peak in the longer 

wavelength increased with increasing debonding length. Therefore, this peak corresponded to 

the constant strain due to debonding. The peak in the shorter wavelength corresponded to the 

strain distribution of the laminate and contained information on the damage in the laminate. In 

the reflection spectrum in Fig. 7b, the peak at the shorter wavelength (1553 nm) lost intensity 

due to significant debonding, and the spectrum had little information on the laminate. In this 

case, the input spectrum represented only the strain in the debonded gage section, and the 

damage could not be estimated. 

Thus, the accuracy of damage pattern estimation decreased with increasing debonding 

length, since the embedded FBG sensor lost sensitivity to the strain distribution. The damage 

pattern depicted in Fig. 5a was estimated for some debonding lengths, and the result revealed 

that half of the gage section was required to identify the damage in the laminate. 

 

3.3 Damage identification for experiment results 

Damage patterns observed in the experiment were identified from the reflection spectra 

measured in the fatigue tests (Fig. 2b). First, the estimated debonding length was plotted in 

Fig. 8. The reflection spectrum for N<104 contained information on the laminate, since the 

estimated debonding length was less than the gage length of the FBG sensor. However, 

inappropriate results of the damage pattern should be obtained for N≥104 because of 

significant debonding over the gage section. 

Figure 9a illustrates the estimated results of the reflection spectrum at N = 103. Although 

two peaks were not reproduced in the estimate, a step appeared at the shorter peak wavelength 

of the experiment (1553.3 nm), and the spectrum width agreed. Here, estimated design 

variables except for debonding length were presented by a schematic illustration of the 

damage pattern (Fig. 9b). There was no delamination, but a few small transverse cracks were 

estimated near the hole. This damage pattern almost agreed with the observation. There was 
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no splitting, since splitting was directly linked to the size of the delamination process zone dd3. 

Similarly, the estimated damage pattern agreed with the observation for N = 2×103 and 5×103. 

Figure 10a illustrates the results estimated of the reflection spectrum at N = 104. The 

estimated spectrum reproduced the narrowband peak of the measured spectrum, and the peak 

wavelength coincided with the input. However, compared with the observation, greater 

delamination and more transverse cracks were obtained (Fig. 10b) where the estimated 

debonding length was 24.0 mm. Similar to Fig. 7b, the lack of information on the laminate in 

the reflection spectrum resulted in poor estimation. Reasonable damage states could not be 

obtained by inverse analysis for N≥104 because of significant debonding.  

The spectrum width corresponded to the range of the strain in the gage section. The 

spectrum width obtained by inverse analysis coincided with the measured one for a few cycles 

(N<104), although forward analysis [13] predicted a narrowband spectrum with a FWHM of 

0.3 nm. Therefore, with a few cycles (N<104), the actual strain distribution was well 

represented by inverse analysis rather than forward analysis. Meanwhile, a narrowband 

spectrum (e.g., Fig. 10a) was produced by a constant strain, and the constant strain could be 

reproduced by both debonding of the optical fiber and delamination near the hole. Since the 

only factor for a narrowband spectrum was the strain in the gage section, the debonding 

length varied in accordance with the change in the global strain in the laminate induced by the 

laminate damage pattern, especially by delamination size. This fact indicated the existence of 

some patterns that provided a single narrowband spectrum, and the uniqueness condition of 

the inverse problem was violated. Therefore, inaccurate estimates would be obtained by 

inverse analysis with significant debonding. The above discussion suggested that the 

debonding length in the fatigue tests was approximated by the dashed line in Fig. 8, which 

was obtained by using the results of inverse analysis for N<104 and those of forward analysis 

for N≥104. 

 

4. Conclusions 

This study estimated the damage states in CFRP cross-ply laminates with a hole under 
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cyclic loading by inverse analysis of the reflection spectrum of an embedded FBG sensor. 

Debonding of the FBG sensor was observed in the fatigue tests. Shear-lag analysis for 

calculating the strain distribution of the debonded optical fiber was combined with damage 

analysis using cohesive elements and optical analysis for an FBG sensor to calculate the 

reflection spectrum. The damage pattern in the laminate and the debonding length were 

estimated from the reflection spectrum by an optimization technique with numerical analyses. 

The sensitivity of the debonding length and of the damage pattern in the laminate was 

investigated by applying inverse analysis to simulation results with given debonding lengths. 

Furthermore, the damage pattern was estimated from experiment results of fatigue tests. The 

conclusions are summarized below. 

1. An appropriate damage pattern was required for accurately estimating the debonding 

length. The strain in the gage section could not be reproduced by debonding alone. 

2. Half of the intact gage section was essential to estimate the damage pattern in the laminate. 

The reflection spectrum of the FBG sensor became a single peak and lost information on 

the strain distribution of the laminate when the debonding area exceeded the gage section. 

3. A constant strain that yielded a narrowband spectrum could be reproduced by both 

debonding of the optical fiber and delamination near the hole. The damage-pattern 

estimation using FBG sensors was therefore applied in experiments with little debonding. 
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Figure captions 

Fig. 1 Debonding between the FBG sensor and the matrix observed in a fatigue test [13]. The 

FBG sensor was embedded in a 0° ply along the fiber direction and positioned near a 

hole. 

Fig. 2 Experiment results of the damage pattern in the cross-ply laminate and the reflection 

spectrum of the embedded FBG sensor [13]. The maximum loading was 0.4% strain at 
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positions away from the hole, and the stress ratio was 0.1. 

Fig. 3 Layer-wise finite-element model for the cross-ply laminate with an open hole and with 

an embedded FBG sensor. 

Fig. 4 Definition of the design variables to represent the damage pattern near the hole. 

Fig. 5 Simulated fatigue damage at N = 104 and corresponding reflection spectrum with 

given debonding lengths. 

Fig. 6 Estimation of the debonding length from the simulated spectrum with given debonding 

lengths. Inappropriate damage pattern (no damage) induced large error, since the peak 

wavelength (i.e., average strain) could not be reproduced by debonding alone. 

Fig. 7 Damage identification results from the simulated reflection spectrum with given 

debonding lengths, where the correct damage pattern was depicted in Fig. 5. 

Significant debonding resulted in wrong estimates due to the single-peak spectrum of 

debonding. 

Fig. 8 Debonding length estimated from the reflection spectra measured in the fatigue tests, 

where the number in legends denotes the specimen number. The length predicted by 

damage extension simulation [13] is also plotted. 

Fig. 9 Estimated results from the reflection spectrum measured in the fatigue tests (N = 103), 

where the estimated debonding length was 2 mm. The damage pattern with small 

transverse cracks and no delamination was estimated and agreed with the experiment. 

Fig. 10 Estimated results from the reflection spectrum measured in the fatigue tests (N = 104). 

Large delamination and many transverse cracks, which disagreed with the experiment, 

were estimated, since the estimated debonding length (24.0 mm) exceeded the gage 

length.
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Table 1 Summary of the design variables to represent the damage pattern. 

 

dd1 Half-length of the major axis for the delamination 

dd2 Half-length of the minor axis for the delamination 

dd3 Half-length of the major axis for the damage process zone of delamination 

α Parameter to determine the shape of the delamination in Eq. (9) 

β Parameter to determine the shape of the delamination in Eq. (9) 

p 
Parameter governing the recovery of the residual strength s in the damage process 

zone, Eq. (10) 

dc1 The distance from the hole edge to the transverse crack farthest from the hole 

dc2 The length of transverse cracks 

df Debonding length of the embedded optical fiber. 
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Table 2 Properties of materials used in the analysis. 

 

      For CFRP  

Longitudinal Young’s modulus (GPa) 140 

Transverse Young’s modulus (GPa) 7.4 

In-plane shear modulus (GPa) 4.5 

Out-of-plane shear modulus (GPa) 3.5 

In-plane Poisson’s ratio 0.356 

Out-of-plane Poisson’s ratio 0.49 

Longitudinal thermal expansion coefficient (×10-6 K-1) 0.3 

Transverse thermal expansion coefficient (×10-6 K-1) 36.5 

      For optical fiber  

Young’s modulus of glass (GPa) 73.1 

Young’s modulus of coating (GPa)  1.47 

Poisson’s ratio of glass 0.16 

Thermal expansion coefficient of glass (×10-6 K-1) 0.5 

Thermal expansion coefficient of coating (×10-6 K-1) 60 
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Table 3 Properties of cohesive elements. 

 

      For splits and transverse cracks  

In-plane tensile strength (MPa) 76 

In-plane shear strength (MPa) 100 

Out-of-plane shear strength (MPa) 100 

Mode I critical energy release rate (J/m2) 200 

Mode II critical energy release rate (J/m2) 600 

Mode III critical energy release rate (J/m2) 600 

      For delamination  

In-plane tensile strength (MPa) 30 

In-plane shear strength (MPa) 60 

Out-of-plane shear strength (MPa) 60 

Mode I critical energy release rate (J/m2) 300 

Mode II critical energy release rate (J/m2) 1000 

Mode III critical energy release rate (J/m2) 1000 
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Table 4 Optical properties of the FBG sensor. 

 

Gage length (mm) 12.5 

Initial center wavelength (nm) 1550.28 

Initial refractive index of the core 1.4490 

Depth of index modulation 4.0×10-4 

Strain-optic coefficient p11 0.113 

Strain-optic coefficient p12 0.252 

 



Fig. 1   Debonding between the FBG sensor and the matrix observed in a fatigue test [13]. The FBG sensor 

was embedded in a 0º ply along the fiber direction and positioned near a hole.
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Fig. 2   Experiment results of the damage pattern in the cross-ply laminate and the reflection spectrum of 

the embedded FBG sensor [13]. The maximum loading was 0.4% strain at positions away from the hole, 

and the stress ratio was 0.1.
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Fig. 5   Simulated fatigue damage at N = 104 and corresponding reflection spectrum with given debonding 

lengths.
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Fig. 6   Estimation of the debonding length from the simulated spectrum with given debonding lengths. 

Inappropriate damage pattern (no damage) induced large error, since the peak wavelength (i.e., average 

strain) could not be reproduced by debonding alone.

(a) Debonding length

(b) Wavelength at the maximum reflectivity

Fig. 6



 0

 0.2

 0.4

 0.6

 0.8

 1

 1552  1553  1554  1555  1556

Wavelength (nm)

N
o
rm

al
iz

ed
 r

ef
le

ct
iv

it
y

Simulation

(Input)

Estimation

 0

 0.2

 0.4

 0.6

 0.8

 1

 1552  1553  1554  1555  1556

Wavelength (nm)

N
o
rm

al
iz

ed
 r

ef
le

ct
iv

it
y

Simulation

(Input)

Estimation

(a) 5mm long debonding (b) 10mm long debonding

Fig. 7   Damage identification results from the simulated reflection spectrum with given debonding lengths,

where the correct damage pattern was depicted in Fig. 5. Significant debonding resulted in wrong estimates 

due to the single-peak spectrum of debonding.
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Fig. 8   Debonding length estimated from the reflection spectra measured in the fatigue tests, where the 

number in legends denotes the specimen number. The length predicted by damage extension simulation [13] 

is also plotted.
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(b) Damage pattern

Fig. 9   Estimated results from the reflection spectrum measured in the fatigue tests (N = 103), where the 

estimated debonding length was 2 mm. The damage pattern with small transverse cracks and no 

delamination was estimated and agreed with the experiment.
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(b) Damage pattern

Fig. 10   Estimated results from the reflection spectrum measured in the fatigue tests (N = 104). Large 

delamination and many transverse cracks, which disagreed with the experiment, were estimated, since 

the estimated debonding length (24.0 mm) exceeded the gage length.
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