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ABSTRACT: Conventional fiber Bragg grating (FBG) sensors used for tensile monitoring have a limited measurement
range and therefore cannot cover the entire service stage of prestressed carbon-fiber-reinforced polymer (CFRP)–
strengthened members. In this study, a smart CFRP plate is developed by embedding a wide-range FBG sensor in a
prestressed CFRP plate. Based on strain-transfer theory for the grating region, an analytical expression for the average
strain-transfer rate is derived and then used to inversely design the groove geometry and bonding parameters; the
resulting groove size is 0.5 mm × 0.5 mm. During bonding, a tensile force of 0.3Pc is applied and maintained, where
Pc denotes the theoretical ultimate tensile capacity of the plate, so that the embedded FBG remains in tension and
potential slack at the bonded interfaces is eliminated. Three CFRP specimens (100 mm × 2 mm, width × thickness)
are fabricated, and three rounds of cyclic calibration followed by monotonic tensile tests are conducted. In accordance
with national standards for static performance, the sensitivity, hysteresis, linearity, repeatability, and root-sum-square
(RSS) combined accuracy are quantified. The measured FBG strain sensitivity agrees well with the theoretical value of
1.21 pm/με. The measurable strain range reaches approximately 12,088.71 με, covering about 90% of the working interval
up to the theoretical ultimate load of the member. The static performance indices are as follows: hysteresis ≤ 0.94%,
linearity ≤ 0.57%, repeatability ≤ 2.82%, and overall accuracy ≤ 2.95%. The proposed approach markedly extends the
monitoring range while maintaining accuracy, enabling continuous strain monitoring of CFRP-strengthened members
from normal service to the pre-ultimate stage and meeting engineering requirements for both a wide range and
high precision.
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1 Introduction
Prestressed CFRP plates are extensively used to strengthen long-span flexural members (e.g., bridges)

because of their high strength-to-weight and stiffness-to-weight ratios [1–3]. This strengthening method
enhances load-carrying capacity, limits deflection, mitigates crack growth and, in some cases, helps to
close existing cracks [4,5]. With broader deployment and longer service periods, durability assessment
becomes increasingly challenging; consequently, life-cycle structural health monitoring (SHM) is gaining
importance [6–8]. Traditional resistive and vibrating-wire sensors are vulnerable to temperature, moisture,
and corrosion, making long-term, continuous, and highly reliable monitoring difficult [9,10]. In contrast,
FBG sensors offer high precision, immunity to electromagnetic interference and multiplexing capability, and
they can be embedded to measure internal stress/strain and detect early damage [11].

For through-life monitoring, FBGs can address the limitations of traditional sensors if their usable
range spans all structural states. To broaden the usable range of FBGs, prior work explores material coupling
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and packaging/installation refinements [12–14]. For material coupling, Li et al. developed a wide-range
FBG strain sensor with a carbon fiber–based substrate adhered to its surface for measuring the strain and
load of aircraft landing gear structures [15], thereby extending its measurement range to monitor multi-
directional loads. Feng et al. combined an FBG sensor with austenitic stainless steel and niobium-based
constant-elastic alloys to broaden the temperature measurement range [16]. Their results showed that the
FBG sensor encapsulated with niobium-based alloy exhibited excellent temperature and strain sensing
performance across a wide temperature range (30○C–250○C), which far exceeds the typical operating limit
(below 175○C) of conventional electrical sensors used in oil and gas wells. Sanchez et al. developed an
FBG-based sensor for torque and angle measurement by instrumenting the torsional spring of a series
elastic actuator [17]. Their validation results indicate a torque measurement range of 15 N⋅m with an error
on the order of 0.1 N⋅m [17]. These studies demonstrate that FBG sensors can be effectively integrated
with different elastic structures and materials to meet application-specific sensing requirements. Regarding
packaging and attachment, Kuang et al. summarized strain-sensing FBG implementations including fully
pasted (adhesive-bonded) gratings, pre-stretched gratings with double-end fixation (mechanical fixation),
and metallic-packaged gratings [18]. For metallic packaging, metallized FBGs can be welded (e.g., laser
welding) to sensor components to improve durability in harsh environments and to avoid adhesive aging
issues [18]. Zhou and Wang proposed an end-anchored intelligent CFRP plate assembly with built-in FBG
sensors, enabling the CFRP plate to provide structural strengthening while simultaneously achieving full-
range strain monitoring throughout the loading history [19]. Using the FBG-based monitoring data, they
further evaluated the short-term prestress loss attributed to anchorage set and established the relationship
between external load and CFRP strain at midspan for the strengthened member [19]. However, for
adhesive-bonded FBG measurements, interfacial adhesive failure can introduce strain-transfer errors and
lead to systematic deviations, thereby compromising measurement accuracy [20]. Furthermore, in practical
reinforcement engineering, improper construction practices can easily damage or disable the FBGs [21].
Therefore, it is crucial to ensure measurement accuracy while minimizing on-site operational complexity. To
enable real-time monitoring under extra-large strain conditions, Wang et al. developed a wide-range FBG
strain sensor using a desensitization mechanism and demonstrated a measurement range up to 10,000 με
with high linearity [22]. For surface-bonded optical fiber sensors, the measured strain may deviate from
the substrate strain due to imperfect strain transfer through the adhesive and protective layers; therefore,
the strain-transfer efficiency should be evaluated in sensor design and calibration [23]. However, studies
have also shown that factors such as adhesive layer thickness and bonding material significantly affect the
strain transfer ratio of embedded FBG sensors, introducing measurement errors during construction [24].
To overcome the limitations of external and adhesive packaging in terms of accuracy and manufacturability,
Perry developed a fully metallic encapsulation scheme for FBG sensors [25], embedding the grating into
a metal capillary tube via high-temperature induction brazing to prevent thermal damage. The sensor
maintained stable strain detection even when the stress in prestressed steel strands reached approximately
1300 MPa (about 80% of their ultimate tensile strength), demonstrating excellent thermal stability and service
life. Nevertheless, the process is complex, costly, and highly dependent on specialized technical expertise.
Consequently, efficiently integrating FBG sensors into bridge reinforcement systems to achieve long-term,
full-stage monitoring remains a major challenge.

To address this issue, this paper proposes a novel approach to fabricate a smart CFRP plate by coupling
a large range FBG sensor within a prestressed CFRP plate. Based on the strain transfer theory of fiber
Bragg gratings, the optimal groove dimensions in the middle section of the plate are determined. The FBG
is embedded in the groove using an adhesive and further protected by a specialized encapsulation layer.
Calibration and tensioning tests are conducted to evaluate the stress and strain measurement accuracy
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and range of the smart CFRP plate, verifying its ability to meet the requirements of practical engineering
applications. This method aims to achieve an integrated system for both reinforcement and monitoring,
enabling full-stage structural health monitoring in bridge reinforcement projects.

Consequently, efficiently integrating FBG sensors into bridge-reinforcement systems to achieve long-
term, full-stage monitoring remains challenging. Recent studies have also demonstrated the feasibility of
integrating FBG sensors with CFRP reinforcement for monitoring prestressed concrete structures [26,27],
which further motivates the development of a smart CFRP plate suitable for full-stage monitoring.

2 Design of Intelligent CFRP Plate
Because fiber Bragg gratings are made of brittle silica glass, they are vulnerable to damage under

compression or bending. To improve the low survival rate after encapsulation of FBG sensors embedded in
CFRP plates, a groove-embedded encapsulation method is adopted. A longitudinal groove is machined along
the plate midline; the FBG is placed in the recess, bonded with a structural adhesive, and then protected by
an over-encapsulation layer. In addition, a fixed end-clamping plate (pressure strip) is used to protect the
FBG terminations and improve the stability of strain transfer. Fig. 1 presents the structural schematic of the
FBG-integrated smart CFRP plate, and Fig. 2 shows a fabricated specimen.

Figure 1: Schematic diagram of FBG intelligent CFRP plate.

Figure 2: Photograph of the FBG-integrated smart CFRP plate.

2.1 Strain Sensing Principle of FBG Sensors
The basic strain-sensing principle of an FBG is that when light propagates through a phase grating with

a specific grating period recorded in the fiber core, the light that satisfies the Bragg condition is reflected
back. The relationship between the effective refractive index, the grating period, and the central wavelength
is given by Eq. (1):

λB = 2ne f f Λ (1)

where λB is the Bragg (central) wavelength, ne f f is the effective refractive index of the fiber core and Λ is the
grating period.
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When external deformation is transmitted to the grating region, the grating period changes and the pho-
toelastic effect leads to variations in the effective refractive index. Consequently, the central wavelength shifts.
Neglecting temperature effects, the linear relationship between the axial strain ε and the central-wavelength
variation Δλ can be expressed by Eq. (2):

Δλ =
⎧⎪⎪⎨⎪⎪⎩

1 −
n2

e f f

2
[P12 − μ (P11 + P12)]

⎫⎪⎪⎬⎪⎪⎭
⋅ λB ⋅ ε = λB (1 − Pe) ε = Kεε (2)

where Δλ is the Bragg wavelength shift of the FBG, λB is the initial Bragg wavelength, ε is the axial strain, μ
is Poisson’s ratio, p11 , p12 are the strain-optic coefficients, Pe is the effective photoelastic coefficient, and Kε
is the strain sensitivity coefficient of the FBG.

For the elastic-optical coefficient Pe is 0.22 of the fiber made of ordinary quartz, it can be seen
from Eq. (2) that the strain sensitivity coefficient Kε of fiber grating with center wavelength of 1534~1560 nm
is 1.21 pm/με.

2.2 Strain Transfer Theory of FBG Sensors in Groove of CFRP Plate
To reliably relate the strain recorded by the FBG embedded in the groove to the actual strain of the

CFRP plate, the strain-transfer process from the substrate to the fiber is modeled and corrected. This enables
quantitative design of the groove geometry and bonded length. The coating and adhesive layers are the
principal structural layers governing strain transfer to the fiber core (Figs. 3 and 4 [28]). Because shear
deformation occurs in both the coating and the external adhesive, the strain indicated by the FBG must
be corrected to recover the actual structural strain. The model is based on the following assumptions: (1)
All constituents are linear elastic; the CFRP plate is subjected to a uniform axial tensile stress, which is
transmitted to the fiber core through shear deformation of the adhesive and coating layers, while the fiber
undergoes only axial deformation; (2) No interfacial slip occurs between the CFRP plate, adhesive, coating,
and fiber core; (3) Shear deformation in structural layers other than the adhesive and coating is neglected;
(4) The fiber core, coating, adhesive, and CFRP plate exhibit comparable axial-strain gradients.

Figure 3: Cross section of intelligent CFRP plate (Redrawn from Ref. [28]).
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Figure 4: Simplified schematic diagram of CFRP plate (Redrawn from Ref. [28]).

To model strain transfer to the optical fiber, the silica (SiO2) fiber and its protective coating, which have
nearly the same shear modulus, are treated as a single core and represented as a concentric cylinder. The
groove in the carbon-fiber plate is taken as a rectangle of width b and depth h; for analytical convenience,
an area-equivalent circular section of diameter h is used. Taking the grating midpoint as the plane of
symmetry, deformation compatibility is imposed across the layers, and the relationship between the strain
in the embedded FBG and the strain in the substrate is derived. This model provides a quantitative mapping
from the average strain over the grating length to the actual substrate strain. The mapping guides the choice of
groove dimensions and bonded length and supports calibration and correction of subsequent measurements.

As shown in Fig. 5 [26], the force analysis of the fiber core micro-element is carried out:

πr2
f dσ f (x) + 2πr f τc f (x , r f ) dx = 0 (3)

where r f is the distance from the outer surface of the fiber core layer to the fiber axis, and σ f is the normal
stress of the fiber core layer, and τc f is the shear stress of the coating layer and the fiber core layer.

Figure 5: Force analysis of micro element (Redrawn from Ref. [26]).

As shown in Fig. 5 [26], the force analysis of the coating micro-element can be expressed as follows:

π (r2
1 − r2

f ) dσc (x) + 2πr1τc (x , r1) dx = 2πr f τc f (x , r f ) dx (4)

where r1 is the distance from any point in the coating layer to the axis of the fiber core layer, and σc is the
normal stress of the coating layer, and τc is the shear stress in the coating layer.



6 Struct Durab Health Monit. 2026;20(3):19

Substituting Eq. (3) into (4):

τc (x , r1) = −
r2

f

2r1

dσ f (x)
dx

−
r2

1 − r2
f

2r1

dσc (x)
dx

(5)

As shown in Fig. 5 [26], the stress analysis of the bonding layer micro-element can be performed as
follows:

π (r2
2 − r2

c) dσa (x) + 2πr2τa (x , r2) dx = 2πrc τac (x , rc) dx (6)

where r2 is the distance from any point in the bonding layer to the axis of the fiber core layer, and σa is the
normal stress of the bonding layer, and τa is the shear stress in the bonding layer.

Substituting Eq. (5) into (6), we can obtain as follows:

τc (x , r2) = −
r2

f

2r2

dσ f (x)
dx

−
r2

c − r2
f

2r2

dσc (x)
dx

− r2
2 − r2

c
2r2

dσa (x)
dx

(7)

According to Hooke’s law, the normal stress of fiber core, coating layer and bonding layer can be given
as follows:

σ f (x) = E f ε f (x) (8)
σc (x) = Ec εc (x) (9)
σa (x) = Ea εa (x) (10)

where E f , Ec and Ea are the elastic modulus of the fiber core, the coating layer and the bonding layer,
respectively; ε f (x), εc (x) and εa (x) are the axial strain of the fiber core, the coating layer and the bonding
layer, respectively.

With the Poisson effect neglected, substitution of Eqs. (8) and (9) into Eq. (5) yields the shear stress in
the coating layer:

τc (x , r1) = −
r2

f

2r1
E f

dε f (x)
dx

−
r1

2 − r2
f

2r1
Ec

dεc (x)
dx

= −
E f r2

f

2r1

⎡⎢⎢⎢⎢⎣

dε f (x)
dx

+
r1

2 − r2
f

r2
f

Ec

E f

dεc (x)
dx

⎤⎥⎥⎥⎥⎦
(11)

Neglecting the Poisson effect, substitution of Eqs. (8)–(10) into Eq. (7) yields the shear stress in the
bonding layer:

τa (x , r2) = −
r2

f

2r2
E f

dε f (x)
dx

−
rc

2 − r2
f

2r2
Ec

dεc (x)
dx

− r2
2 − r2

c
2r2

Ea
dεa (x)

dx

= −
E f r2

f

2r2

⎡⎢⎢⎢⎢⎣

dε f (x)
dx

+
rc

2 − r2
f

r2
f

Ec

E f

dεc (x)
dx

+ r2
2 − r2

c
r2

f

Ea

E f

dεa (x)
dx

⎤⎥⎥⎥⎥⎦
(12)
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According to the assumption (4) that the fiber grating core layer and the cementation layer deform
synchronously, the strain gradients of the two are similar, and it can be considered as:

dε f (x)
dx

≅ dεc (x)
dx

≅ dεa (x)
dx

(13)

Since the fiber grating core layer has a much larger modulus of elasticity than the coating and bonding
layers, it can be concluded as follows:

Ea

E f
≅ Ec

E f
= 0 (14)

Substituting Eqs. (13) and (14) into (11), the shear stress of the coating layer can be simplified as:

τc (x , r1) = −
E f r2

f

2r1

dε f (x)
dx

(15)

Substituting Eqs. (13) and (14) into (12), the shear stress of the bonding layer can be simplified by
following:

τa (x , r2) = −
E f r2

f

2r2

dε f (x)
dx

(16)

According to the deformation relationship of each layer in Fig. 6 and Assumption (2), the deformation
relationship of each structural layer can be obtained by deformation coordination as follows:

um (x) = Δa (x) + Δc (x) + u f (x) (17)

where um and u f are the axial displacement of the carbon fiber matrix layer and the fiber core layer, respec-
tively; Δa (x) and Δc (x) are the shear displacement of the bonding layer and the coating layer, respectively.

Figure 6: Deformation relationship of each layer.

Based on Hooke’s law, the shear strain of the bonding and coating layers can be given as follows:

γc (x) =
τc (x , r1)

Gc
(18)

γa (x) =
τa (x , r2)

Ga
(19)
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where γc and γa are the shear strain of the bonding layer and the coating layer, respectively; Gc and Ga are
the shear modulus of the bonding layer and the coating layer, respectively.

Substitution of Eq. (15) into Eq. (18) yields the shear displacement in the coating layer:

Δc (x) = ∫
rc

r f

τc (x , r1)
Gc

dr1 = −
r2

f E f

2Gc
ln rc

r f

dε f (x)
dx

(20)

Substitution of Eq. (16) into (19) yields the shear displacement in the bonding layer:

Δa (x) = ∫
ra

rc

τa (x , r2)
Ga

dr = −
r2

f E f

2Ga
ln ra

rc

dε f (x)
dx

(21)

Substituting Eq. (21) into (17) and deriving x on both sides of the equation gives:

εm (x) = ε f (x) −
⎡⎢⎢⎢⎢⎣

r2
f E f

2Gc
ln rc

r f
+

r2
f E f

2Ga
ln ra

rc

⎤⎥⎥⎥⎥⎦

dε2
f (x)

dx2 (22)

Keeping k2 = 1/[ r2
f E f

2Gc
ln rc

r f
+ r2

f E f

2Ga
ln ra

rc
], and according to the assumption (1), the strain of carbon fiber

plate is a fixed value εc , then the Eq. (22) can be simplified as follows:

d2ε f (x)
dx2 − k2ε f (x) = −k2εm (23)

The general solution of Eq. (23) can be expressed as:

ε f (x) = C1ekx + C2e−kx + εm (24)

According to the structure, the strain of the fiber core layer at the end and tail of the bond is 0, it means
that ε f (L) = ε f (−L) = 0, which can be obtained as follows:

C1 = C2 = −
εc

2ch (kL) (25)

ε f (x) = εm [1 −
ch (kx)
ch (kL)] (26)

where ε f (x) is the axial strain in the FBG core, εm denotes the uniform axial strain of the CFRP
plate (substrate), and the symbols ε f and εm are hereafter consistently used for fiber and matrix strains,
respectively. Here, k is the shear-lag parameter determined by the geometry and the shear moduli of the
adhesive and coating layers.

The measured value of FBG strain sensor is the average strain value within the grating length of the
fiber grating region. The grating is arranged in the middle section of the bonding section with high strain
transfer rate and uniform distribution of the sensor. Assuming that the grating length is 2L f , according to
the symmetry calculation, the average strain of the grating in this area can be expressed as:

ε f (L f ) = ∫
L f

0 ε f (x) dx
L f

(27)
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According to Eq. (27), the average strain-transfer rate of the grating is:

α (k, L f ) =
ε f (L f )

εm
= 1 −

sh (kL f )
kL f ch (kL) , k2 = 1/

⎡⎢⎢⎢⎢⎣

r2
f E f

2Gc
ln rc

r f
+

r2
f E f

2Ga
ln ra

rc

⎤⎥⎥⎥⎥⎦
(28)

where α (k, L f ) is the average strain-transfer coefficient of the grating, is the uniform axial strain of the
CFRP plate, and L is the half-length of the bonded region so that the total bonded length is 2L. The symbols
sh and ch denote the hyperbolic sine and hyperbolic cosine functions. In addition, r f is the radius of the fiber
core, rc is the outer radius of the coating layer, and rd is the outer radius at the adhesive boundary. E f is the
Young’s modulus of the fiber core, Gc is the shear modulus of the coating layer, and Ga is the shear modulus
of the adhesive layer. The term ln denotes the natural logarithm.

2.3 Groove Theoretical Design of Intelligent CFRP Plate
To prevent the FBG from being forced out of the groove when the CFRP plate is in tension, the adhesive-

layer thickness must be smaller than the groove depth, and the groove cross-section must not significantly
weaken the plate. Adequate groove depth and width also increase the contact area and transverse restraint,
reducing slip between the adhesive and the plate. These considerations define the sizing constraints. The
encapsulation system consists of an epoxy adhesive (shear modulus Ga = 379 MPa), an acrylate coating
(Gc = 338 MPa), and a silica fiber core with modulus E f = 72 GPa and radii r f = 0.125 mm and rc =
0.250 mm. Using Eq. (28), the influences of adhesive-layer thickness and bonded length L on the average
strain-transfer ratio α ≈ 1 within the grating region are evaluated, as shown in Fig. 7. Thinner adhesive layers
and longer bonded lengths increase α. The coefficient rises rapidly for L < 17 mm and approaches a plateau
for L > 30 mm, indicating that α is more sensitive to L than to adhesive-layer thickness. Because the adhesive
thickness determines the groove depth and hence affects the structural capacity of the plate, a target of α ≈ 1
is adopted. First, the minimum safe adhesive thickness not exceeding the groove depth is selected, and then
L is chosen in the plateau region so that α is as close to unity as possible.

Figure 7: Effect of bond thickness and bond length on average strain transfer rate.

Balancing these factors, the groove depth and width are set to 0.5 mm, the adhesive thickness to 0.4 mm
(satisfying the requirement “adhesive thickness < groove depth”), and the bonded length to 40 mm, which
lies in the plateau region. The grating length is 10 mm. With these values, Eq. (28) gives a strain-transfer
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coefficient very close to unity (α > 0.99). Therefore, the correction from the measured FBG strain to the
substrate strain is negligible under the present configuration, and the substrate strain can be approximated
as given by Eq. (29).

εm =
ε f (L f )

α
≈ ε f (L f ) (29)

Finally, the mechanical consequence of introducing the groove is evaluated. Because the groove locally
reduces the cross-sectional area of the CFRP plate, its influence on tensile strength must also be considered.
The groove dimensions (0.5 mm × 0.5 mm) remove approximately 0.25 mm2 of material from a gross
cross-section of 100 mm × 2 mm = 200 mm2, corresponding to a nominal area reduction of only about
0.125%. Therefore, the change in average tensile capacity is expected to be negligible. The groove edges
were machined with smooth corners to avoid sharp notches and to limit stress concentration. In the tensile
tests, all three smart CFRP plates failed in the anchorage zone adjacent to the grips, and no cracking or
debonding was observed to initiate from the grooved region prior to rupture, indicating that the grooving
process did not trigger premature failure. Taken together, these observations suggest that the present groove
configuration has only a minor effect on the ultimate tensile strength of the CFRP plate, although more
detailed numerical analysis and comparative testing on grooved and ungrooved plates will be considered in
future work.

3 Experimental Investigation on Large-Scale Intelligent CFRP Plate
The specimens were 2400 MPa-grade CFRP plates with dimensions 100 mm × 2 mm, where the

dimensions are given as width × thickness. The FBG had a 3-dB bandwidth of 0.21 nm and a reflectivity
of 0.93. Wavelengths were measured using an Agilent 86142B optical spectrum analyzer with a range of
1525–1570 nm, a sampling rate of 1 Hz, wavelength accuracy of 2.5 pm, and a resolution of 1 pm.

A groove 0.5 mm deep was machined along the midline of each plate, as shown in Fig. 8. Each CFRP
plate was mounted in a tensile loading frame and preloaded to 0.3Pc, where Pc denotes the theoretical
ultimate tensile capacity of the plate. This preload level was selected as a compromise between sensing and
structural requirements: it is sufficiently high to maintain the embedded FBG in tension throughout the
expected service life and to eliminate any initial slack in the groove–adhesive–fiber system during curing,
while remaining well below the ultimate capacity to minimize the risk of damaging the CFRP plate or its
anchorage during fabrication. Once the target preload was reached, the FBG was bonded into the groove with
epoxy adhesive, symmetrically about the grating midpoint, with 20 mm bonded on each side. The preload
was maintained until the epoxy fully cured, resulting in a smart CFRP plate with an embedded FBG sensor.
Three plates, labeled A, B, and C, were fabricated and subsequently tested sequentially for calibration and
tensile performance.

3.1 Calibration Test of Intelligent CFRP Plates
Each CFRP plate instrumented with an FBG sensor underwent three calibration cycles of loading-

unloading. The procedure was as follows: first, preload to 0.1Pc and hold for 5 min to verify proper FBG
operation; then, reduce the load to 5 kN and, after the load cell and FBG demodulator readings stabilize,
record the initial center wavelength. Next, apply stepwise loading in increments of 0.05Pc at a rate not
exceeding 100 MPa/min; after each step, wait for stabilization and record the force and the center wavelength.
Continue loading to 0.7Pc, record as required, hold for 5 min, and then unload in 0.05Pc steps while
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recording stabilized readings at each level. Repeat steps 2 through 5 three times for each specimen to complete
the calibration.

Figure 8: Picture of experimental set up of intelligent CFRP plate.

The collected data were used to plot load–wavelength curves with load on the x-axis and the grating’s
center wavelength on the y-axis, as shown in Fig. 9 [29]. The center wavelength increased linearly with load,
and the three cycles nearly overlapped, demonstrating excellent repeatability and agreement with theory.

(a) CFRP-A (b) CFRP-B (c) CFRP-C

Figure 9: Load-wavelength curve in calibration test of CFRP plates (Redrawn from Ref. [29]).

3.2 Tensile Test of Intelligent CFRP Plates
After the cyclic loading–unloading test, a quasi-static tensile test was conducted. Loading was applied in

increments of 0.05Pc up to 0.7Pc, followed by finer increments of 0.025 Pc. After each step, once the load-cell
and FBG demodulator readings stabilized, the force, center wavelength, and reference strain were recorded.
Loading continued to failure of the CFRP plate.

In all three tests, the CFRP plates failed in the anchorage zone adjacent to the grips, and no visible
cracking or debonding was observed around the grooved FBG region prior to rupture. The embedded FBG
sensors exhibited stable, monotonic wavelength shifts throughout loading and remained functional until just
before plate fracture, with no premature dropouts or abnormal jumps in the signal. In particular, all three
groove-embedded FBG sensors survived the entire fabrication, calibration, and tensile-testing programme,
yielding a 100% post-encapsulation survival rate in this small sample. These observations indicate that
the groove-embedded configuration does not induce or promote premature failure of either the plate or
the sensor.



12 Struct Durab Health Monit. 2026;20(3):19

The test followed the encapsulation and calibration conditions established previously, for which the
strain-transfer coefficient satisfies α ≈ 1. The primary objective was to determine the FBG strain sensitivity.
A linear regression was fitted with the midspan strain from the foil gauge as the independent variable and
the change in FBG center wavelength as the dependent variable, as shown in Fig. 10 [27]. The slope of this fit
gives the wavelength–strain sensitivity. The strain interval over which the linear relation satisfies the specified
error limit was taken as the monitoring range and was verified to lie within the demodulator’s spectral
measurement window.

Figure 10: The relationship between wavelength variation of FBG sensors and strain of CFRP plates (Adapted from
Ref. [27]).

4 Performance Analysis of Large Range Intelligent CFRP Plates
Three CFRP plates instrumented with embedded FBG strain sensors were calibrated, and the static

performance of the sensors was quantified in accordance with the national standard GB/T 18459–2001,
Calculation Methods for Main Static Performance Indicators of Sensors. Here, “static” refers to the steady
relationship between input and output when the plate strain is constant or varies only slowly. The evaluated
metrics are strain sensitivity, hysteresis, linearity, repeatability, and total accuracy.

Three CFRP plates instrumented with embedded FBG strain sensors are calibrated, and the static
performance of the sensors is quantified in accordance with the national standard GB/T 18459–2001,
Calculation Methods for Main Static Performance Indicators of Sensors. Here, “static” refers to the steady
relationship between input and output when the plate strain is constant or varies only slowly. The evaluated
metrics are strain sensitivity, hysteresis, linearity, repeatability, and total accuracy.

4.1 Strain Sensitivity
During static tensile testing, the strain sensitivity of the grating is defined as the FBG center-wavelength

shift to the substrate strain. As shown in Fig. 10.
According to Fig. 10 and Table 1, it can be seen that the linearity of the experimental data is excellent,

the strain sensitivity of the CFRP plate coupled with the fiber grating is not less than 1.21 pm/με, and the
maximum strain monitored by the CFRP plate reaches 12104.84 με.
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Table 1: Strain sensitivity of intelligent CFRP plates.

Specimen
Relationship between Center

Wavelength Variation and
Strain of Strain Sensor

Linear Correlation Monitoring Range

CFRP-A Δλ = 0.00121 με + 0.05076 99.981% 12102.15 με
CFRP-B Δλ = 0.00122 με + 0.02452 99.993% 12104.84 με
CFRP-C Δλ = 0.00122 με + 0.04878 99.975% 12088.71 με

The experimentally obtained FBG strain sensitivity is generally consistent with the theoretical calcu-
lation result of 1.21 pm/με, though sensitivity varies among some gratings. The primary reasons for this
discrepancy are:

(1) Material property variations in the epoxy adhesive layer: The actual epoxy resin used deviates from the
ideal parameters in the theoretical model, leading to inconsistent strain transmission efficiency and
consequently affecting sensor sensitivity.

(2) Geometric simplification errors: Theoretical modeling typically treats FBG sensors as circular cross-
sections, whereas actual grooves have rectangular cross-sections. This structural discrepancy alters the
strain transmission path.

(3) Manual assembly errors: During the embedding of the fiber Bragg grating into the CFRP plate groove,
manual operations cannot fully guarantee axial parallelism between the FBG sensor and the CFRP
plate. This results in a deviation between the strain perceived by the FBG and the actual strain.

4.2 Hysteresis
Hysteresis refers to the mismatch between the loading and unloading center-wavelength shift curves

of the grating during loading and unloading of the measured substrate. Analysis of the calibration test data
for the three CFRP plates in Fig. 9 yields the arithmetic mean of the center wavelength changes during
loading and unloading, along with their respective differences. The results for plates A, B, and C are shown
in Tables 2–4, respectively.

Table 2: The center wavelength variation and deviation value of A grating during loading and unloading.

Load/kN Average Value when
Loading/nm

Average Value when
Unloading/nm Deviation Value/nm

5 0.0000 0.0000 0.0000
24 0.7342 0.5988 0.1353
48 1.4113 1.4287 −0.0175
72 2.1968 2.2641 −0.0672
96 3.0202 2.9638 0.0564
120 3.7568 3.8276 −0.0708
144 4.5906 4.5322 0.0584
168 5.3991 5.3459 0.0532
192 6.2168 6.1762 0.0406
216 6.8819 6.9230 −0.0411
240 7.7126 7.7174 −0.0048
264 8.4412 8.4412 0.0000

(Continued)
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Table 2 (continued)

Load/kN Average Value when
Loading/nm

Average Value when
Unloading/nm Deviation Value/nm

288 9.2933 9.2551 0.0382
312 10.0228 9.9966 0.0263
336 10.7945 10.8527 −0.0582

Table 3: The center wavelength variation and deviation value of B grating during loading and unloading.

Load/kN Average Value
when Loading/nm

Average Value when
Unloading/nm Deviation Value/nm

5 0.0000 0.0000 0.0000
24 0.6773 0.6108 0.0665
48 1.3522 1.4837 −0.1315
72 2.2285 2.2683 −0.0399
96 3.0232 3.0480 −0.0248
120 3.7786 3.8309 −0.0523
144 4.5710 4.6561 −0.0852
168 5.3425 5.3742 −0.0317
192 6.2299 6.1967 0.0332
216 6.9185 6.9240 −0.0055
240 7.6679 7.6983 −0.0304
264 8.5561 8.5413 0.0148
288 9.3362 9.3347 0.0015
312 10.1563 10.0983 0.0580
336 10.8861 10.9161 −0.0300

Table 4: The center wavelength variation and deviation value of C grating during loading and unloading.

Load/kN Average Value when
Loading/nm

Average Value when
Unloading/nm Deviation Value/nm

5 0.0000 0.0000 0.0000
24 0.7657 0.6667 0.0990
48 1.4682 1.4303 0.0379
72 2.3043 2.2939 0.0104
96 3.0246 3.0008 0.0237
120 3.8408 3.8814 −0.0405
144 4.6658 4.5993 0.0665
168 5.3671 5.4520 −0.0849
192 6.2826 6.1926 0.0900
216 6.9750 6.9791 −0.0041
240 7.8121 7.7877 0.0244

(Continued)
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Table 4 (continued)

Load/kN Average Value when
Loading/nm

Average Value when
Unloading/nm Deviation Value/nm

264 8.5355 8.5706 −0.0351
288 9.4045 9.4143 −0.0098
312 10.1241 10.1807 −0.0565
336 10.9656 10.8754 0.0902

The hysteresis of the smart carbon fiber plate is defined as the maximum deviation between the average
values of the central wavelength changes recorded by the strain sensor during three loading and unloading
cycles. The calculation formula is shown in Eq. (30):

ξH =
ΔλH ,max

(Δλ)FS
× 100% (30)

where ΔλH ,max is the maximum deviation between the mean wavelength shifts obtained from the loading
and unloading curves (i.e., the maximum difference between the averaged loading and unloading responses),
and ΔλFS is the full-scale wavelength shift over the calibration range. In this study, ΔλFS is taken as the
experimentally calibrated output span, defined as ΔλFS = λmax − λmin within the calibration interval (from
5 kN to 0.7Pc). According to Tables 2–4, the maximum deviation of the center wavelength of the grating
of each specimen is 0.1353 nm, 0.1315 nm and 0.0990 nm, respectively. The hysteresis of the three gratings
obtained by substitution Eq. (30) is ξH ,A = 0.94%, ξH ,B = 0.90% and ξH ,C = 0.68%, respectively.

4.3 Linearity
“Linearity, typically quantified by non-linearity error, represents the degree to which a sensor’s output

conforms to a linear relationship. It is defined as the maximum deviation of the actual calibration curve from
the ideal best-fit line, expressed as a percentage of the full-scale output”. According to the test data of Fig. 9,
the index of the coincidence degree between the calibration curve of the arithmetic mean of the load and the
grating wavelength change and the fitting line of the strain sensor under the three loading and unloading
cyclic loads can be calculated using Eq. (31):

ξL =
ΔλL ,max

(Δλ)FS
× 100% (31)

where ΔλL ,max is the maximum deviation of the grating center wavelength obtained under the same load
level among repeated calibration cycles (for loading or unloading, respectively), and ΔλFS is the full-scale
wavelength shift defined as ΔλFS = λmax − λmin within the experimental calibration interval (5 kN to 0.7Pc).
The least squares method is used to linearly fit the data in Tables 2–4, and finally the results of Fig. 11
are obtained.

From the fitting line equation in Fig. 11, the fitting value of the variation of the grating center wavelength
value of the grating on the three specimens during loading and unloading can be obtained. Combined with
the arithmetic mean of the variation of the grating center wavelength value in Tables 2–4, the difference
between the two can be obtained, as shown in Tables 5–7.
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Figure 11: The relationship between the arithmetical mean variation of the central wavelength and the load.

Table 5: The difference between the average value of the wavelength variation of A grating and the fitting value during
loading and unloading.

Load/kN Fitting Values/nm The Difference with the Average Value/nm

Load Unload Load Unload
5 0.0476 0.0215 −0.0476 −0.0215

24 0.6661 0.6419 0.0681 −0.0430
48 1.4473 1.4255 −0.0360 0.0033
72 2.2285 2.2091 −0.0316 0.0550
96 3.0097 2.9927 0.0105 −0.0289
120 3.7909 3.7763 −0.0340 0.0514
144 4.5721 4.5599 0.0186 −0.0277
168 5.3533 5.3435 0.0458 0.0024
192 6.1345 6.1271 0.0823 0.0491
216 6.9157 6.9107 −0.0337 0.0124
240 7.6969 7.6943 0.0158 0.0232
264 8.4781 8.4779 −0.0369 −0.0367
288 9.2593 9.2615 0.0340 −0.0063
312 10.0405 10.0451 −0.0176 −0.0485
336 10.8217 10.8287 −0.0272 0.0240



Struct Durab Health Monit. 2026;20(3):19 17

Table 6: The difference between the average value of the wavelength variation of B grating and the fitting value during
loading and unloading.

Load/kN Fitting Values/nm The Difference with the Average Value/nm

Load Unload Load Unload
5 0.0020 0.0393 −0.0020 −0.0393

24 0.6279 0.6627 0.0494 −0.0519
48 1.4185 1.4502 −0.0662 0.0335
72 2.2090 2.2376 0.0195 0.0308
96 2.9996 3.0250 0.0237 0.0230
120 3.7901 3.8125 −0.0116 0.0184
144 4.5807 4.5999 −0.0097 0.0562
168 5.3713 5.3874 −0.0288 −0.0132
192 6.1618 6.1748 0.0681 0.0219
216 6.9524 6.9622 −0.0338 −0.0382
240 7.7429 7.7497 −0.0750 −0.0513
264 8.5335 8.5371 0.0226 0.0041
288 9.3241 9.3246 0.0121 0.0101
312 10.1146 10.1120 0.0417 −0.0137
336 10.9052 10.8994 −0.0190 0.0167

Table 7: The difference between the average value of the wavelength variation of C grating and the fitting value during
loading and unloading.

Load/kN Fitting Values/nm The Difference with the Average Value/nm

Load Unload Load Unload
5 0.0666 0.0372 −0.0666 −0.0372

24 0.6911 0.6636 0.0745 0.0031
48 1.4800 1.4549 −0.0119 −0.0246
72 2.2689 2.2462 0.0354 0.0477
96 3.0578 3.0374 −0.0332 −0.0366
120 3.8467 3.8287 −0.0058 0.0526
144 4.6355 4.6200 0.0303 −0.0206
168 5.4244 5.4113 −0.0573 0.0408
192 6.2133 6.2026 0.0693 −0.0099
216 7.0022 6.9938 −0.0272 −0.0147
240 7.7911 7.7851 0.0210 0.0026
264 8.5799 8.5764 −0.0445 −0.0058
288 9.3688 9.3677 0.0357 0.0466
312 10.1577 10.1590 −0.0336 0.0217
336 10.9466 10.9502 0.0190 −0.0748

From Tables 5–7, the maximum difference between the average value and the fitted value of the grating
center wavelength variation of the three specimens can be obtained: for CFRP-A, it is 0.0823 nm when loaded
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and 0.0550 nm when unloaded. For the specimen CFRP-B, the loading is 0.0750 nm, and the unloading is
0.0562 nm; for the specimen CFRP-C, the loading is 0.0745 nm and the unloading is 0.0748 nm.

According to the Eq. (30), the linearity of intelligent CFRP plates can be calculated as: for the specimen
CFRP-A, when loaded ξL ,Al = 0.57%, when unloaded ξL ,Au = 0.38%; for the specimen CFRP-B, when loaded
ξL ,Bl = 0.52%, when unloaded ξL ,Bu = 0.39%; for the specimen CFRP-C, when loaded ξL ,C l = 0.51%, when
unloaded ξL ,Cu = 0.52%.

4.4 Repeatability
Repeatability refers to the sensor’s ability to provide consistent center wavelength readings under

constant working conditions. This is determined by performing repeated full-scale tests in a single direction
and calculating the deviation across the resulting data sets. The repeatability error of the sensor is used to
reflect the performance index of repeated loading and unloading under full-range conditions, and whether
the central wavelength can be repeated and consistent. It can be calculated according to Eq. (32):

ξR =
ΔλR ,max

(Δλ)FS
× 100% (32)

where ΔλR ,max is the maximum deviation of the center wavelength of the loading and unloading grating
during the calibration test, and (Δλ)FS is the variation of the center wavelength value of the full-scale grating.

According to the calibration test data in Fig. 9, the maximum deviation value of the center wavelength
of each grating can be obtained: for the specimen CFRP-A, it is 0.2373 nm when loaded and 0.2546 nm
when unloaded; for the specimen CFRP-B, the loading is 0.2041 nm, and the unloading is 0.2038 nm; for the
specimen CFRP-C, it is 0.3144 nm when loaded and 0.4082 nm when unloaded.

Based on Eq. (32), the repeatability error of each specimen can be calculated as follows: for the
specimen CFRP-A, ξR ,Al = 1.65% when loading and ξR ,Au = 1.77% when unloading; for the specimen CFRP-
B, ξR ,Bl = 1.40% when loading, and ξR ,Bu = 1.40% when unloading; for the specimen CFRP-C, ξR ,C l = 2.17%
when loading, and ξR ,Cu = 2.82% when unloading.

4.5 Total Accuracy
To evaluate the overall reliability of FBG sensors in the intelligent CFRP plates, it is usually expressed in

total accuracy. The total accuracy indicates that in the actual application process, the actual center wavelength
value of the grating is within a range of its theoretical characteristics or working characteristics under a
certain confidence probability, which can be calculated according to Eq. (33):

ξP =
√

ξ2
H + ξ2

L + ξ2
R (33)

After substituting the linearity, hysteresis and repeatability indexes of the three intelligent CFRP plate
gratings calculated above into Eq. (32), the total accuracy of each grating can be mastered, and then all the
indexes are summarized to form Table 8.

Comprehensively considering the indicators in Table 8, the FBG in intelligent CFRP plate has excellent
sensing performance and can effectively monitor the stress characteristics and strain of the CFRP plate.
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Table 8: Summary of calibration results of three intelligent CFRP plate gratings.

Specimen Measurement Solutions Hysteresis Linearity Repeatability Total Accuracy

CFRP-A Load 0.94% 0.57% 1.65% 1.98%
Unload 0.38% 1.77% 2.04%

CFRP-B Load 0.90% 0.52% 1.40% 1.74%
Unload 0.39% 1.40% 1.71%

CFRP-C Load 0.68% 0.51% 2.17% 2.33%
Unload 0.52% 2.82% 2.95%

4.6 Statistical Variability and Uncertainty
Only three CFRP plates were tested in this study, which inevitably limits the statistical robustness of

the results. Nevertheless, simple statistical descriptors can still provide useful information on the expected
variability of the main performance indices. For each key parameter (strain sensitivity, hysteresis, linearity,
repeatability, and total accuracy), the mean value, sample standard deviation, coefficient of variation (CV),
and an approximate 95% confidence interval (CI) for the mean were calculated using the data in Tables 1–4
and 8.

For hysteresis, the three specimens give values of 0.94%, 0.90%, and 0.68%, yielding a mean of about
0.84% with a standard deviation of 0.14% and a CV of approximately 17%. Assuming an underlying normal
distribution at the specimen level, the corresponding 95% CI for the mean hysteresis error is roughly
0.5%–1.2%. For linearity, the values of 0.57%, 0.52%, and 0.51% lead to a mean of about 0.53%, a standard
deviation of 0.03%, and a CV of about 6%, with an approximate 95% CI of 0.45%–0.61%.

When both loading and unloading cases are considered (six values in total), the repeatability error has a
mean value of approximately 1.87% and a standard deviation of about 0.55%, corresponding to a CV of about
29%. The associated 95% CI for the mean repeatability error is therefore about 1.3%–2.4%, which is consistent
with the spread of the individual repeatability values (1.40%–2.82%). Similarly, the total accuracy values have
a mean of about 2.13% with a standard deviation of roughly 0.46% (CV ≈ 22%), giving an approximate 95%
CI for the mean total accuracy of 1.6%–2.6%. Strain sensitivity exhibits only very small scatter, with a CV
well below 1%, indicating that the basic wavelength–strain calibration is highly stable across specimens.

Taken together, these statistics show that, while noticeable scatter exists—particularly in repeatability
and, consequently, in total accuracy—the variability remains moderate and acceptable for practical SHM
applications. Reporting the standard deviation, CV, and approximate confidence bounds for these metrics
provides readers with a clearer quantitative picture of the expected accuracy and uncertainty when smart
CFRP plates of the same type are fabricated and deployed in practice. However, because of the limited number
of specimens, these estimates are not fully representative, and a larger test series would be required for more
robust reliability and uncertainty assessment.

5 Conclusions
In this paper, three smart CFRP plates were calibrated and tensioned in accordance with the national

standard. The sensing performance of the intelligent CFRP plate was evaluated in terms of strain sensitivity,
hysteresis, linearity and repeatability. The following conclusions are drawn.
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(1) By considering the strain transfer among the fiber core, coating, adhesive layer, and CFRP substrate,
the average strain-transfer coefficient along the grating length was derived as shown in Eq. (34).

α (k, L f ) = 1 −
sh (kL f )

kL f ch (kL) (34)

Based on this model, the structural parameters were optimized, resulting in a groove depth and width
of 0.5 mm × 0.5 mm, an adhesive thickness of 0.4 mm, and a bonding length of 40 mm for the FBG sensor.
Under the present configuration, the average strain-transfer coefficient is close to unity (α > 0.99), so the
strain-transfer correction is negligible in engineering practice.

(2) According to the calculation method of the static performance index in the national standard, the
strain sensitivity of the FBG was determined. The test results show that the strain sensitivity is no less
than 1.21 pm/με, which is close to the theoretical value thereby verifying the feasibility of the design
structure, so as to provide support for the subsequent determination of the stability of the FBG sensor.

(3) The results of loading and unloading tests on intelligent CFRP plates and linear fitting of the collected
data show that the hysteresis of the embedded strain sensor of the intelligent CFRP plate is no more
than 0.94%, linearity is no bigger than 0.57%, repeatability is no higher than 2.82% and total accuracy
is no larger than 2.95%, which can indicate that the good sensing ability of intelligent CFRP plate and
meets the needs of the actual project.

(4) By pre-tensioning the CFRP plate to 0.3Pc and then pasting the FBG, the results of tension test show
that the monitoring strain can reach 12088.71 με, and 90% of the nominal ultimate bearing capacity of
CFRP plate can be monitored. Therefore, the CFRP plate employing the designed structure coupled
with fiber grating may fully and effectively monitor the stress and strain condition of the CFRP plate
during usage, and better ensure the safety and reliability of the reinforced structure.

(5) From a practical SHM standpoint, embedding a large-range FBG in a prestressed CFRP plate yields
a compact, self-sensing strengthening system that is well protected from the environment and simple
to install on site. Such a device can track both service-level and pre-failure strains over the full life
cycle of real bridge structures. To confirm and quantify long-term durability, future studies will include
accelerated environmental-exposure tests, cyclic fatigue loading, and full-scale validation on in-service
bridges, together with further optimisation of the encapsulation process and prestress level to enhance
fatigue life and sensor survival.
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