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Abstract
A crack arrester was recently developed to suppress crack propagation along the interface between the
facesheet and the core in a foam-core sandwich structure. The crack arrester is a semi-cylindrical stiff
material inserted into the interface. The crack arrester decreases the energy release rate at the crack tip by
suppressing local deformation around the crack. If the arrested crack can be instantaneously detected, the
damage tolerance of foam-core sandwich structures can be dramatically improved. This study establishes
an innovative crack detection technique using two fiber Bragg grating (FBG) sensors embedded at both
edges of the arrester. The change in strain distribution in the crack arrester induced by arresting the crack
is evaluated using reflection spectra from the FBG sensors. The proposed technique enables an effective
application of the crack arrester and significantly improves the reliability of foam-core sandwich structures.
© Koninklijke Brill NV, Leiden, 2011
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1. Introduction

Carbon fiber reinforced plastic (CFRP) is used for almost all modern commercial
aircraft as a primary structural material. However, the potential capability of CFRP
cannot be maximized under the conventional structural design concept, which con-
sists of skins, stringers and frames. One innovative structural concept is a foam-
core sandwich panel structure [1–5]. The integral construction consists of two thin
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Figure 1. Crack arrester.

Figure 2. Distribution of normal stress in the vertical direction depending on crack tip position.

facesheets and a lightweight foam core, which can considerably reduce the weight
and the number of parts compared to conventional structures. However, crack prop-
agation along the interface between the facesheet and the core is a critical issue
[6–13]. An interface crack originates from manufacturing defects, impact damage
or fatigue shear cracks in the foam core. A crack below the facesheet is difficult to
detect using conventional non-destructive inspection techniques. However, the in-
terface crack seriously degrades structural integrity. Thus, Hirose et al. developed
a crack arrester (Fig. 1) [14], which is a semi-cylindrical stiff material inserted into
the interface. When a crack approaches the arrester, the arrester decreases the en-
ergy release rate at the crack tip by suppressing local deformation around the crack.
Figure 2 illustrates the distribution of the normal stress in the vertical direction, cal-
culated in finite-element analysis. As the crack approaches the crack arrester, the
stress at the crack-side edge of the arrester gradually increases; consequently, stress
concentration at the crack tip is reduced. In practical applications, the arrester is
arranged in a grid pattern, and the interface crack is trapped inside the grid (Fig. 1).
Suppression of crack propagation has been evaluated under various loading condi-
tions, confirming that the crack arrester improves damage tolerance of foam-core
sandwich structures [14–16].

In designing structures with a crack arrester, the arrester grid interval may be de-
termined from the maximum allowable crack size. An appropriately designed struc-
ture operates safely while tolerating a crack trapped inside the grid. For practical
use, however, the arrested crack should be instantaneously detected, and appropriate
countermeasures must be taken against the damaged area. Arrested but undetected
cracks induced from different damage in neighboring grids or, more critically, ad-
joining grids (A in Fig. 1) significantly degrade mechanical properties and increase
the stress around these grids. As a result, an area without a crack may fail and/or
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undetected cracks may penetrate the arresters, leading to catastrophic failure of the
entire structure.

This study establishes an innovative crack detection technique using fiber Bragg
grating (FBG) sensors embedded in a co-cured, semi-cylindrical crack arrester to
locate grids with an arrested crack immediately after its occurrence, and improves
damage tolerance of foam-core sandwich structures. We begin by proposing the
crack detection technique, and then conduct numerical analysis to predict the sensor
response due to crack propagation and to validate the feasibility of the proposed
technique. Finally, the technique is verified by experiments.

2. Crack Detection Technique

Figure 3 schematically illustrates the crack detection technique. As presented in
Fig. 2, stress is induced at the crack-side edge of the arrester when a crack ap-
proaches. As a result, stress concentration at the tip of the crack is reduced, pre-
venting crack propagation. In this study, two optical fibers with FBG sensors are
aligned parallel to the arrester grid line and embedded at both side edges of the
crack arrester, where the strain increases as a crack approaches the arrester. The
change in strain distribution induced by suppressing crack propagation is evaluated
using the FBG sensors. The FBG sensor has a periodic variation in the refractive
index along the length of a single mode optical fiber [17]. When broadband light is
launched into the FBG sensor, a narrow spectral component is reflected back, and
the reflection spectrum gives the measure of strain and/or temperature. When stress
is distributed at the edge of the arrester, a non-axisymmetric strain state arises at
the core of the FBG sensor, and the reflection spectrum from the sensor splits into
two peaks due to a birefringence effect [18–20]. The difference between the cen-

Figure 3. Schematic of crack detection technique.
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tral wavelengths �λ of the two peaks, λp and λq (λp > λq), is calculated using the
following equation:

�λ = λp − λq = n2
0λ0

2
(p12 − p11)(ε1 − ε2), (1)

where λ0 is the center wavelength of the initial reflection spectrum, n0 is the initial
refractive index of the optical fiber core, p11 and p12 are the photoelastic constants
and ε1 and ε2 are the maximum and minimum principal strains at the core in the
cross-sectional direction of the FBG sensor (Fig. 3). This equation indicates that
the difference between the center wavelengths of the two peaks is proportional to
the difference between the maximum and minimum principal strains at the core.
Since the change in the principal strain is greater at the crack-side edge than at
the opposite edge, the crack propagation direction can be determined by comparing
reflection spectra from the two FBG sensors embedded at both side edges of the
crack arrester.

In this study, Mode I and Mode II type cracks are evaluated using beam-
type specimens. First, finite-element analysis (FEA) was conducted on a double-
cantilever beam (DCB) and end-notch flexure (ENF) sandwich specimens to cal-
culate the change in the maximum and minimum principal strains. The reflection
spectrum is simulated based on the calculated strain values.

3. Finite-Element Analysis

3.1. Finite-Element Model

Figure 4 presents 2-D finite-element models with interface cracks modeled in
ABAQUS 6.6. Plane strain was assumed, and thermal deformation was considered
(curing temperature 130◦C). Sizes of the elements differed according to their loca-
tion. Representative element size around the crack tip and the arrester edges was

(a) (b)

Figure 4. Finite-element models. (a) DCB specimen, (b) ENF specimen.
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10 µm, and the other parts consisted of 5 mm-long elements. Due to restriction
of the experiment facilities, the DCB and ENF specimens had different material
configurations.

The DCB specimen consisted of CFRP facesheets (UT500/#135, Toho Tenax
Co. Ltd., [(+45, −45)/(0, 90)/(0, 90)/(+45, −45)], thickness 1.68 mm), a foam
core (PMI Rohacell WF-110, Evonik Rohm GmbH, thickness 35 mm), and a
semi-cylindrical crack arrester (UT500/#135, Toho Tenax Co. Ltd., unidirectional
prepreg, radius 10 mm). The fiber direction of the arrester was perpendicular to
the direction of the crack propagation (i.e., parallel to the arrester grid line). In
Ref. [14], a microscopic observation of foam-core sandwich specimens revealed
that the resin from the facesheet impregnated into cells of the foam core adjacent
to the facesheet, and a 0.34 mm-thick resin layer was formed. An interfacial crack
(thickness 10 µm) propagated between this resin-impregnated layer and the original
foam core. In this study, finite-element models were developed based on this obser-
vation. The distance between the crack tip and the crack arrester, L, was set as 10,
5 or 0 mm to investigate the influence of crack propagation on the principal strains.

The ENF specimen consisted of CFRP facesheets (T700S/2500, Toray Indus-
tries, Inc., [0/90]5S, thickness 2.5 mm), a foam core (PMI Rohacell WF-110, Evonik
Rohm GmbH, thickness 35 mm), and a semi-cylindrical crack arrester (HC 9872
SynCore, Hysol Aerospace Products., radius 10 mm). The value of L was set as 20,
10 or 0 mm. The mechanical properties used in the analysis are summarized in Ta-
ble 1. Different materials were utilized for the crack arrester in the two specimens.
As concluded in Ref. [14], both UD CFRP and SynCore are candidate materials
for the crack arrester, since they have a higher modulus than that of the foam core
and are expected to sufficiently suppress crack propagation. These two materials
have similar mechanical properties in the cross-sectional direction of the FBG sen-
sor; thus, material selection does not significantly affect the obtained results. The
load applied to each specimen was determined based on fracture loads obtained in
preliminary tests: 2.0 N/mm was applied to the DCB specimens, and 60.0 N/mm
was applied to the ENF specimens. Two polyimide-coated FBG sensors were em-
bedded at both side edges of the crack arrester along the specimen width direction,
to be parallel to the arrester grid line. The cladding diameter of the FBG sensor
was 125 µm, and its outside diameter was 150 µm. The cladding and the core of
the FBG sensor were modeled as an isotropic material with the property of fused
silica glass, and the strain at the center of the optical fiber was defined as the strain
at the core. The strain state obtained from the center of the optical fiber was used
to calculate the maximum and minimum principal strains at the core (i.e., ε1 and
ε2 in equation (1)), and these principal strain values were then utilized to simulate
the spectral response of the FBG sensor, as will be presented in the next section.
‘Sensor A’ is the one embedded at the crack side, and ‘Sensor B’ is the one at the
opposite side.
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3.2. Results

Figure 5 plots the obtained principal strains ε1 and ε2 in the FBG sensors. In the
DCB specimen (Fig. 5(a)), as a crack approached the arrester, the difference be-
tween the maximum and minimum principal strains increased in Sensor A at the
crack side. Figure 6 schematically illustrates the deformation obtained from the
FEA. The facesheet tensile deformation due to local bending induced shear defor-
mation of the crack-side edge of the arrester and thus of the embedded FBG sensor,
increasing the maximum principal strain (Fig. 5(a)). In the sensor at the opposite
side of the crack, however, both the maximum and minimum principal strains were
almost constant. It is important to note that the strain induced in Sensor B at the op-
posite side of the crack was not mechanical strain but thermal residual strain. This
result was confirmed by FEA without applying the mechanical load. The strain state
of Sensor B did not change with changes in the applied load. These results suggest

(a)

(b)

Figure 5. Principal strains in the optical fiber core depending on L. (a) DCB specimen, (b) ENF
specimen.
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(a) (b)

Figure 6. Schematics of sensor deformation demonstrated in FEA. (a) DCB specimen, (b) ENF spec-
imen.

that only the arrester edge at the crack side contributes to suppressing crack prop-
agation. In the ENF specimen, however, the crack arrester was compressed by the
core, again inducing shear deformation of the crack-side edge of the arrester and
thus of the embedded optical fiber (Fig. 6(b)). As a result, the difference between
the maximum and minimum principal strains increased in Sensor A at the crack
side (Fig. 5(b)).

Next, the reflection spectra were simulated. First, the difference between the
two peak wavelengths �λ was calculated from equation (1) with n0 = 1.449,
λ0 = 1550 nm, p12 = 0.252 and p11 = 0.113. The reflection spectrum disturbed by
the birefringence effect was then obtained by superpositioning the two power spec-
tra �λ away from each other [19, 20]. The initial power spectra of the FBG sensors
used in the verification tests (next section) were utilized for the calculation. Fig-
ure 7 presents the simulated spectra. The intensity of each spectrum is normalized
by the intensity of the highest component in the initial spectrum before embedding.
In addition, to clearly compare the spectrum shapes, the wavelength is expressed
by the detuning from the peak wavelength of each spectrum. In both the DCB and
the ENF specimens, the reflection spectrum from the FBG sensor at the crack side
(Sensor A) is clearly split into two peaks as the crack approaches the arrester; thus,
the difference between the principal strains increases (Fig. 5). However, the re-
flection spectra from the FBG sensor opposite the crack (Sensor B) hardly change.
Hence, it is expected that crack propagation can be detected by comparing the spec-
tra obtained from the FBG sensors embedded at both edges of the arrester. The next
session discusses verification tests using the DCB and ENF specimens.

4. Verification Test

4.1. Materials and Methods

The experiment setups are depicted in Fig. 8. The configurations of the specimens
were the same as the ones used in the FEA. The DCB (ENF) specimen was 10 cm
(5 cm) wide. The facesheets and the arrester were co-cured with the foam core in an
autoclave. Two FBG sensors (grating length 15 mm) were embedded in the arrester
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(a)

(b)

Figure 7. Simulated reflection spectra. (a) DCB specimen, (b) ENF specimen.

(a) (b)

Figure 8. Experiment setups. (a) DCB test, (b) ENF test.

in contact with the facesheet. The initial crack was introduced by inserting a piece
of 0.01 mm-thick polyimide film. The length of the initial crack was 80 mm, and the
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distance between the crack tip and the crack arrester, L, was 20 mm. The specimens
were loaded at a constant crosshead speed of 2.0 mm/min using a material testing
system (AG-50kNI, Shimazu Co.). Once the crack propagated, the test machine was
stopped, and the reflection spectra from the two FBG sensors were recorded. The
test was then resumed, and this procedure was repeated until the crack reached the
arrester edge. The optical fiber was illuminated by an amplified spontaneous emis-
sion (ASE) light source (AQ4310(155), Ando Electric Co. Ltd.), and the reflection
spectra from the FBGs were measured by an optical spectrum analyzer (AQ6317,
Ando Electric Co. Ltd).

4.2. Results and Discussion

Figure 9 presents reflection spectra obtained in the DCB test. The intensity of the
spectra before embedding is normalized by the intensity of the highest component.
Also, the intensity of the spectrum at each L is normalized by the maximum inten-
sity of the spectrum just after embedding (L = 20 mm). For a clear comparison, the
wavelength is expressed by detuning from the peak wavelength of each spectrum.
Before the test, the spectrum from the FBG sensor at the crack side (Sensor A) had
two peaks, due to thermal residual strain. However, several peaks were observed in
the spectrum from the sensor opposite the crack (Sensor B), probably due to mis-
alignment of the FBG sensor. Since the optical fiber was severely deflected near
the side edge of the beam-type specimen (Fig. 8), the position of the optical fiber
partially deviated from the desired position (i.e., the edge of the crack arrester).
Consequently, non-uniform strain distribution was induced along the entire length
of the FBG sensor, introducing several peaks in the reflection spectrum [21]. It is
important to note that misalignment of the sensor is a problem that is unique to
the beam-type specimen and thus will not occur in a practical plate-type structure.
When the crack approached the arrester, the spectrum from Sensor A clearly split
into two peaks (L = 6.5 mm). However, the spectrum from Sensor B changed less.
These changes in the two spectra are consistent with the result of the FEA, confirm-
ing the validity of the proposed technique in Mode I type crack detection. However,
when the crack reached the arrester edge (L = 0 mm), the spectrum from the crack-
side sensor (Sensor A) abruptly recovered its original shape: the two peaks united
into one. FEA could not estimate this spectral response; thus, it assessed that in-
ternal damage, which the simulation in the previous section did not consider, was
induced around the sensor. This recovery of the original spectrum shape was further
investigated in the forthcoming part.

The ENF test results are plotted in Fig. 10. Only the spectra obtained from the
sensor at the crack-side edge (Sensor A) are plotted, since the opposite side sensor
(Sensor B) exhibited almost no changes in spectrum shape, as was also seen in the
DCB test. The intensity of the spectra was normalized by the maximum intensity
of the spectrum before embedding. As the crack approached the arrester, the differ-
ence between the two peak wavelengths gradually increased. The measured spectral
response agreed well with the ENF simulation results (Fig. 7(b)), thus confirming
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Figure 9. Reflection spectra measured in the DCB test. (a) L = 20 mm, (b) L = 6.5 mm,
(c) L = 0 mm.

the validity of the proposed technique in Mode II type crack detection. However,
the spectrum again recovered its shape when the crack reached the arrester edge.
The observed recovery of the original spectrum shape, as was also observed for the
DCB specimen, was further investigated next.
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(a) (b)

(c)

Figure 10. Reflection spectra measured from Sensor A in the ENF test. (a) L = 20 mm,
(b) L = 10 mm, (c) L = 0 mm.

After the test, a cross-section of the embedded FBG sensor was observed us-
ing an optical microscope. Figure 11 presents the cross-sectional micrograph of
Sensor A. A small interfacial crack was observed between the facesheet and the
arrester. The crack passed directly above the FBG sensor, indicating that the crack
released strain in the FBG sensor (Fig. 12). Accordingly, we simulated the sensor
response considering the interface crack. First, a crack between the arrester and the
facesheet was introduced in the ENF specimen model (Fig. 4(b) with L = 0 mm),
and the strain state in the FBG sensor was calculated. The reflection spectrum was
then simulated by following the procedure described in Section 3.2. Figure 13 de-
picts the obtained spectrum. The thermal residual strain and the mechanical strain
were almost completely released, and the difference between the maximum and
minimum principal strains at the core (i.e., ε1 − ε2 in equation (1)) became almost
zero. Consequently, the spectrum recovered its original shape. This result indicates
that a crack penetrating the arrester can be detected from recovery of the spectrum
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Figure 11. Cross-sectional micrograph of interface crack.

Figure 12. Schematics of sensor deformation before and after interfacial crack formation.

Figure 13. Simulated reflection spectrum of Sensor A of the ENF specimen after considering penetrat-
ing interface crack in FEA. The spectrum shape agreed well with the measured spectrum in Fig. 9(c).

shape. The penetrating crack critically degrades structural integrity and leads to
catastrophic failures. Thus, spectral shape recovery can be considered as a distinct
warning that loss of structural integrity is an imminent threat.

To summarize the verification tests, we could detect a crack approaching the
crack arrester from the splitting of the spectrum, and a crack penetrating the arrester
from the recovery of the spectrum shape. The proposed technique enables effective
application of the crack arrester and thereby results in significant improvement of
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the damage tolerance of foam-cored sandwich structures. In future work, the tech-
nique will be extended to more practically relevant 3-D plate structures by utilizing
fiber-optic-based distributed strain measurement systems [22]. The validity of the
technique under more complicated 3-D strain state should be verified through com-
prehensive tests using sandwich panel specimens with an arrester grid (Fig. 1). As
foreseen by the authors, this technique is also valid with plate structures, since it
is based on the particular strain state induced when the crack arrester suppresses
interfacial crack, and thus is independent of global deformation of the structures.

5. Conclusions

A technique for detecting arrested cracks in foam-core sandwich structures was de-
veloped. First, FEA was conducted to predict the reflection spectra from the FBG
sensors embedded at both edges of the crack arrester, validating the feasibility of the
proposed technique. Verification tests clearly demonstrated that a crack approach-
ing the arrester and a crack penetrating the arrester could be separately detected
using the spectral responses. The proposed technique enables effective application
of the crack arrester and thereby enables significant improvement of the damage
tolerance of foam-core sandwich structures.
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