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Abstract. We develop an analytical model for the relationship between
the strain measured by a fiber Bragg grating sensor and the actual structural strain. The values of the average strain transfer rates calculated
from the analytical model agree well with available experiment data.
Based on the analytical model, the critical adherence length of an optical
fiber sensor can be calculated and is determined by a strain lag parameter, which contains both the effects of the geometry and the relative
stiffness of the structural components. The analysis shows that the critical adherence length of a fiber sensing segment is the minimum length
with which the fiber must be tightly bonded to a structure for adequate
sensing. The strain transfer rate of an optical fiber sensor embedded in a
multilayered structure is developed in a similar way, and the factors that
influence the efficiency of optical fiber sensor strain transferring are discussed. It is concluded that the strain sensed by a fiber Bragg grating
must be magnified by a factor 共strain transfer rate兲 to be equal to the
actual structural strain. This is of interest for the application of fiber Bragg
grating
sensors. ©
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1

Introduction

Fiber Bragg grating 共FBG兲 sensors are becoming promising
sensing elements for structural health monitoring of civil
structures. In comparison with conventional electric or
electromagnetic sensors, FBG sensors exhibit many advantages, such as 共1兲 electromagnetic inference immunity and
low energy loss, which is preferable in the applications of
long-distance health monitoring; 共2兲 multiplexing ability
coded in wavelengths to enable quasi-distributive measurement of strains by one fiber; 共3兲 high sensibility over a
large measuring range; and 共4兲 compactness and flexibility
with minimum influence on the mass and stiffness properties of the host structure.1 The past decade has witnessed an
intense international research effort in FBG sensors for
structural health monitoring and successful demonstrations
in a variety of civil structures, especially, bridges.2 In these
applications, the values measured by FBG sensors were
assumed to be the actual structural strains.3 In fact, the
strain measured by an FBG sensor is different from the
actual host structure strain because of the difference between the optical fiber core modulus and the modulus of the
fiber coating or the adhesive. The methods to integrate FBG
sensors with host structures can generally be divided into
three different categories in terms of packing strategies: 共1兲
direct integration, in which FBG sensors are directly embedded in or surfaced bonded to a host structure; 共2兲
*Dr. Song is an associate professor with the Department of Mechanical
Engineering at University of Houston, Houston, Texas 77204-4006.
0091-3286/2006/$22.00 © 2006 SPIE
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sensor-packaging integration, by which FBG sensors are
first fixed in a small tube or bonded on the surface of a
plate, and then the tube or the plate is anchored in the host
structure; 共3兲 clamping integration, in which an FBG sensor
is gripped at two ends by a bracket fixed on the host structure. No matter how the FBG sensors are packaged and
integrated, the fiber core where the FBGs are written is
brittle and must be protected by adhesives or a coating
layer in civil engineering applications to avoid fiber breakage and to ascertain its long term stability. However, such a
protection results in inconsistency between the fiber strain
and the structural strain. Such discrepancies are neglected
in most applications of FBG sensors by simply assuming
that the fiber strain is consistent with the host structural
strain.1,4,5 This assumption gives acceptable measurement
results for optical fiber sensors 共OFSs兲 with long gauge
lengths, in which the peak host strain can be fully transferred into the fiber strain, but cannot provide good measurement strains for short-gauge OFSs, for instance, fiber
Bragg grating sensors, in which the effect of the bonded
fiber length on strain transfer between the fiber and host
structure is significant.6 It is, thus, of primary importance to
have a detailed knowledge of the relationship between the
host structural strain and the fiber strain to correctly interpret structural strain from the strains sensed in the fiber.
Since the Young’s modulus of the fiber is typically much
larger than that of the adhesive or the coating, the axial
elastic displacements of the fiber and the host material are
different. Pak7 analyzed the strain transfer of a coated optical fiber embedded in a host composite, which is strained
by a far-field longitudinal shear stress parallel to the optical
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Fig. 1 Structure of a typical single-mode fiber.

fiber. In this case, the maximum shear transfer occurs when
the shear modulus of the coating is the geometric mean of
the shear moduli of the fiber and the host material. Ansari
and Libo8 obtained axial strain distribution along the fiber
length by assuming that the strain at the middle of the
bonded fiber is equal to that of the host structure at the
same position. Galiotis et al.6 designed a polydiacetylene
single fiber in an epoxy resin host material subjected to
tensile strain along the fiber direction, and measured the
strains at all points along the length of the fiber by the
method of resonance Raman. They found that the axial
strain in the fiber rises from a finite value at the end of the
fiber to a fairly constant value at the central portion of the
fiber, and that the axial strain at the midpoint of the fiber is
lower than that applied to the host material, which can be
approximately explained by the shear-lag model of Cox.9 In
this model, the composites are assumed to contain many
fibers.
This paper mainly concerns the theoretical study of a
single optical fiber embedded in a finite host structure,
which is subjected to uniform axial stress. To derive the
relationship between the strain measured by a fiber Bragg
grating sensor and the actual one experienced by the structure, a more realistic hypothesis is proposed in this paper.
The theoretical study found that the maximum strain transferred from the host to fiber at its middle length does not
necessarily equal that of the host structure. The average
strain along the gauge length depends on the length of the
fiber in contact with the host structure and the mechanical
properties of the fiber and the layer between the fiber and
the host structure. The influence of the difference in elastic
moduli between the fiber and the adhesive or coating layer
on the critical adhesion length is investigated. The strain
transfer rates predicted by the developed mode are consistent with the available experimental data. Finally, the developed model is extended to the case where several middle
layers exist between the fiber and host material.
2 Theoretical Approach
An optical fiber usually consists of three layers: fiber core,
cladding, and coating. The core diameter of a single-mode
fiber, often employed in civil engineering, is 9 m, and the
value for a multiple-mode fiber is 50 m 共Fig. 1兲. The coating, i.e., the outer layer of an optical fiber, often has an
outer diameter of 250 m and an inner diameter of
125 m. The majority of optical fibers used in sensing applications have silica glass cores and claddings. The coating is usually made of plastics to provide the fiber with
Optical Engineering

sufficient mechanical strength and to protect it from damage or moisture absorption. The refractive index of the
cladding is lower than that of the core to satisfy the conditions of Snell’s law and to ensure a total internal reflection
and confine the propagation of the light within the fiber
core. A Bragg grating is a permanent periodic modulation
of the refractive index in the core of a single mode optical
fiber. The phase mask technique10 is commonly used to
transversely write a Bragg grating. A typical change in the
refractive index of the core is between 10−5 and 10−3, and
the length of a Bragg grating is typically around 10 mm.
When light transmitted in a fiber impinges on Bragg gratings, constructive interference between the forward wave
and the contrapropagating wave leads to a narrowband
back-reflection of light when the Bragg 共or phase match兲
condition is satisfied. The Bragg condition can be expressed by the following relationship between the central
wavelength of a Bragg grating and its period11
b = 2n⌳,

where b, n, and ⌳ are, respectively, the central wavelength, effective refractive index, and the period of a Bragg
grating. 共See Table 1 for a summary of the notation used in
this paper.兲
The strain applied to a Bragg grating alters its period,
and thus changes the wavelength of the reflected light. In
general, the Bragg wavelength of the reflected light varies
with the applied strain as follows:1,4
1 ⌬b
= 0.78 ⫻ 10−6/⑀ .
b ⑀

共2兲

Hence, the fiber strain can be obtained by measuring the
change of the reflected light wavelength. Once the relationship between the fiber strain and the host structure strain is
established, the structural strain can be directly acquired
from the Bragg wavelength change according to Eq. 共2兲
since the Bragg wavelength of the reflected light can be
readily measured.
FBG sensors have a unique property as compared with
other OFSs in that they encode the wavelength, which is an
absolute parameter and does not suffer from disturbances of
the light paths. FBG sensors can be used to measure the
strains of multiple locations of a structure if many gratings
with different periods are arranged along an optical fiber. In
this configuration, each of the reflected signals has a unique
wavelength and can be easily monitored, thus achieving
multiplexing of the outputs of multiple sensors using a
single fiber. Currently, up to 64 FBGs can be commercially
wavelength-multiplexed in one fiber,12 which enables
quasi-distributive measurement of strains and makes FBG
sensors most suitable for structural health monitoring of
large civil structures.
A more accurate model describing the relationship between the strain sensed by a Bragg grating and the actual
structural strain is developed in this paper. This model is
suitable for two different cases. In the first case, a fiber with
coating is directly embedded in the host structure. In the
second case, the coating of a fiber is first stripped off, and
then the bare fiber 共including the core and cladding only兲 is
attached to the inner surface of a steel tube by adhesives. In
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Table 1 Symbols used in this paper.
Symbol

Meaning

C 1, C 2

Constants of integration

Ec

Young’s modulus of the
coating or adhesive

Eg

Young’s modulus of the fiber

Gc

Shear modulus of the
coating or adhesive

k

Strain lag parameter

km

Strain lag parameter for a
multiple layer model

L

Half of optical fiber gauge length

lc

Half critical adherence length

ri

Radius of the ith layer

r g, r m

Radius of fiber, inner radius
of host material
Fig. 2 Coordinate system and free-body diagram of symmetrical
section of optical fiber: 共a兲 optical fiber of gauge length 2L, 共b兲 one
quarter of the fiber; and 共c兲 stress distribution of the fiber and the
coating.

u

Axial displacement

w

Radial displacement

␣

Ratio between fiber strain
and host strain

␣m

Maximum ratio between fiber strain
and host strain

␥共x , r兲

Shear strain

n

Effective refractive index
of optical fiber



Poisson’s ratio

⑀

Strain



Wavelength of light

b

Wavelength of light reflected
by Bragg gratings



Axial stress



Shear stress

these two cases, there is an adhesive layer, often called
middle layer, between the bare fiber and the host material.
The three layers are concentric and the strain of the outer
host material is transmitted to the inner fiber through the
deformations of the middle layer.
In the analysis of strain transfer to the optical fiber from
the host material, the following assumptions are adopted in
this paper:
1. All the materials pertinent to the model remain elastic, and only the outer host material is subjected to
axial stress and is uniformly strained, whereas the
bare fiber and the middle layer do not directly bear
any external loadings.
2. Mechanical properties of the core and cladding of the
fiber are the same. In reality, their properties are
slightly different owing to their difference in some
chemical components and the writing process of
Bragg gratings. The core and cladding, hereinafter,
are referred collectively as fiber for simplicity.
3. There are no strain discontinuities across the interfaces, including the one between the host material
and the middle layer and the one between middle
layer and fiber interfaces, i.e., the bond between all
the interfaces is perfect and no debonding exists.

Subscripts

Symbol

Meaning

m, c, g

Strain, stress related to host material,
coating, glass fiber, respectively

i

Optical Engineering

Layer index for a multiple model

In this paper, we consider a single optical fiber of
Young’s modulus Eg and radius rg embedded in a host material, separated by a middle layer of Young’s modulus Ec
and radius rm and Poisson’s ratio , as illustrated in Fig. 2.
The host material, assumed to be infinite in all directions, is
subjected to a uniform axial stress. Here, L is the half gauge
length of an optical fiber sensor, and 2L is the total length
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that the fiber is bonded to the host material through the
middle layer; 共x , r兲 is the shear stress in the middle layer a
distance r above a given x coordinate along the center of
the fiber; 共x , rg兲 is the shear stress at a given x coordinate
along the fiber-middle layer interface; g, c, and m are
the axial stress in the fiber, the middle layer, and the host
material, respectively.
Based on the stress equilibrium for a small segment of
the fiber and assumptions 1 to 3, the longitudinal stress
along the fiber g, is related to the interfacial shear stress at
the fiber/middle layer interface through13
2共x,rg兲
dg
=−
.
dx
rg

共3兲

In reference to the free-body diagram pertaining to the
middle layer 关Fig. 2共c兲兴, the equilibrium in the x direction
results in the following relationship by balancing the shear
stresses 共x , rg兲 and 共x , rm兲 with the axial stress c:
共4兲

共5兲

Since the shear modulus of deformation predominates
when it comes to the load transferring between the host
material and the fiber, lateral motions perpendicular to the x
coordinate are of secondary importance for the present
study, and the Poisson effect can be neglected without
much error. Using the constitutive equation relating stress
to strain, g = Eg⑀g, where ⑀g = du / dx is the axial strain
along the fiber, and u = u共x兲 is the displacement, we obtain,

冊

r2 − r2g Ec d⑀c
.
r2g Eg dx

r2 d⑀g
r2g dg
= − g Eg
.
2r dx
2r dx

共9兲

The shear stress term in Eq. 共9兲 is determined by using
Hooke’s law as follows:13

共x,r兲 = Gc␥共x,r兲 = Gc

冉

冊

u
u w
+
⬵ Gc ,
r
r x

共10兲

where u = u共x兲 and w = w共x兲 are the axial and radial displacements in the middle layer, respectively. Substituting
Eq. 共10兲 into Eq. 共9兲 and integrating the resulting expression over rg from the fiber and middle layer interface to the
middle layer and host material interface radius rm gives

冕冉 冊 冕冉
Gc

rg

u
dr =
r

rm

−

rg

冊

r2g d⑀g
dr.
Eg
2r dx

共11兲

um − ug = −

冉 冊

1 d⑀g
rm
Eg d⑀g 2
r ln
,
=− 2
2Gc dx g
rg
k dx

共12兲

where um and ug, respectively, denote the axial displacement from the x coordinate origin in the host material and
fiber. The strain lag parameter k containing both effects of
the geometry and the relative stiffness on the system components, can be written as
k2 =

2Gc
r2gEg

ln 共rm/rg兲

=

1
共1 + 兲共Eg/Ec兲r2g ln 共rm/rg兲

,

共13兲

where Gc = Ec / 关2共1 + 兲兴, is the shear modulus of the
middle layer. Differentiation of Eq. 共12兲 with respect to x
yields

冉

Egr2g d⑀g
r2 d⑀g r2 − r2g d⑀c
−
=−
共x,r兲 = − g Eg
Ec
dx
2r dx
2r
2r dx
−

共x,r兲 = −

The integration result of Eq. 共11兲 is

Substitution of Eq. 共3兲 into Eq. 共4兲 leads to
r2g dg r2 − r2g dc
−
.
2r dx
2r dx

共8兲

Substituting Eqs. 共7兲 and 共8兲 into Eq. 共6兲 results in

rm

r2 − r2g dc
rg
.
共x,r兲 = 共x,rg兲 −
r
2r dx

共x,r兲 = −

冉 冊

r2 − r2g Ec d⑀c
d⑀g
⬵o
.
2
dx
rg Eg dx

共6兲

d2⑀g共x兲
− k2⑀g共x兲 = − k2⑀m .
dx2

共14兲

Since the fiber is strained together with the middle layer,
the strain gradients are expected to be of the same order:

The general solution to Eq. 共14兲 takes of the following
form:

d⑀g d⑀c
⬵
.
dx
dx

⑀g共x兲 = c1ekx + c2e−kx + ⑀m ,

共7兲

Thus, the important factor that determines 共x , r兲 in Eq. 共6兲
is the ratio of the stiffness between the fiber and the middle
layer. The Young’s modulus of the optical fiber coatings, in
the case of a coated fiber, or the Young’s modulus of typical
structural epoxies, in the instance of a bare embedded fiber
is, as usual, 10% or less than that of the glass fiber, and r is
not much larger than rg 共the middle layer is typically very
thin to admit efficient strain transfer between the fiber and
the host material兲, the second part of the right-hand side of
Eq. 共6兲 is, therefore, insignificant compared to the first part:
Optical Engineering

where c1 and c2 represent the integration constants determined by boundary conditions. Since the host material does
not contact the fiber beyond the ends of the interface between the fiber and the middle layer, the fiber is assumed to
be free from axial stress at both ends. This assumption
means that the strain transferred to the fiber is equal to zero
at both ends of the OFS, and is given by

⑀g共L兲 = ⑀g共− L兲 = 0.

共16兲

The boundary conditions established by Eq. 共16兲 are identical to the following equations:
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Fig. 3 Distribution of normal strain in fiber along the length.

⑀g共L兲 = 0,

g共0兲 = 0,

or ⑀g共0兲 = 0.

共17兲

The relationship of Eq. 共17兲 states that there is no shear
stress in the fiber at the midpoint of the fiber 关refer to Eq.
共3兲兴 due to the symmetric nature of the structure. The
boundary conditions established in Eqs. 共16兲 and 共17兲 will
lead to the same solution as Eq. 共15兲. Hence, by imposing
these boundary conditions on Eq. 共15兲, c1 and c2, are evaluated and obtained as
c1 = c2 = −

⑀m
.
2 cosh共kL兲

共18兲

Thus, the final solution to Eq. 共15兲, i.e., the strain distribution along fiber and its relationship to the strain of the host
material at a given x coordinate, is

冋

⑀g共x兲 = ⑀m 1 −

册

cosh共kx兲
.
cosh共kL兲

共19兲

Equation 共19兲 is the governing equation that describes the
strain distribution along the fiber. The effects of the
Young’s moduli of the fiber and the middle layer, as well as
the effects of the radii of the fiber and the middle layer, on
the strain transfer, are all included in the strain lag parameter k defined in Eq. 共13兲.
Figure 3 shows the strain transfer rate along an optical
fiber. The mechanical properties of the optical fiber employed in this paper, are given in Table 2. These properties
are the same as those used by Ansari and Libo8 for comparison purposes. The strain difference between the fiber
and the host material at a given x coordinate, is determined
by the strain lag parameter k. Figure 3 also demonstrates
that the strain sensed by the fiber at the midpoint is not
equal to the strain in the host material in this instance. Our
results agree with the conclusions drawn by other authors
in different forms.14,15 However, in the work by Ansari and
Libo8, these two strain values are assumed equal.
Optical Engineering

In general, the bonded section of an FBG is typically
shorter than 60 mm, and thus the strain of the fiber at the
midpoint deviate considerably from the host material strain.
If the assumption by Ansari and Libo8 is used in such cases,
there will be more errors. This phenomena can be seen in
the experiments by Galiotis et al.6 in which the maximum
strain transferred to fiber I lagged about 0.6% and 0.7 to
0.8% in fiber ⌸ from the host material strain. These observations are in sharp contrast to the assumption made in the
analytical approach8 that the fiber strain at the midpoint is
equal to the host material strain, g / Eg = m / Em. The experimental results by Galiotis et al.6 also indicate that the
lagging of the fiber strain from the host materials varies
with the bonded fiber lengths.
3 Average Strain Transfer Rate
The strain transferred from the host material to an optical
fiber varies with the different points along the gauge length
of the fiber. Strain transfer rate 共STR兲 ␣共x兲 can be defined
Table 2 Mechanical properties of the optical fiber.
Materials Properties
共1兲

Symbols
共2兲

Values
共3兲

Unit
共4兲

Young’s modulus of the fiber

Eg

7.2⫻ 1010

Pa

Young’s modulus of silicon coating

Ec

2.55⫻ 106

Pa

Poisson’s ratio of silicon coating



0.48

—

Shear modulus of silicon coating

Gp

8.5⫻ 105

Pa

Radius of outer boundary of silicon
coating

rm

102.5

m

Radius of the fiber

rg

62.5

m
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Fig. 4 Comparison of maximum STR and ASTR with experimental data for various gauge length
sensors.

as the ratio of the strain measured by an FBG sensor and
the strain actually experienced by the host material at a
given point of the fiber 共a given x coordinate兲 as follows:

␣共x兲 =

cosh共kx兲
⑀g共x兲
.
=1−
⑀m
cosh共kL兲

共20兲

The maximum STR ␣m共x兲 happens at the midpoint of the
fiber, i.e., at the point where x is equal to zero:

␣m共0兲 =

1
⑀g共0兲
.
=1−
⑀m
cosh共kL兲

共21兲

Generally, the strain measured by an FBG sensor, is the
average strain over the gauge length of the fiber. Average
STR 共ASTR兲 can be expressed in the following form:

⑀ 共x兲
¯␣ = g =
⑀m

2

冕

L

⑀g共x兲 dx

0

2L⑀m

=1−

sinh共kL兲
.
kL cosh共kL兲

共22兲

The ASTR determined by Eq. 共22兲 depends only on the
gauge length and the mechanical properties of the optical
fiber and the middle layer. Therefore, it can be readily employed for correct interpretation of structural strains from
the optical fiber measurement values under the Assumptions 1 to 3 in Sec. 2. The results from the developed analytical model can be used as a complement to experiments
especially where calibration tests are difficult to perform or
where qualitative interpretation of a measurement system is
required, for instance, in embedment applications of FBG
sensors. Note also that the preceding analysis is also applicable to evaluate the displacement OFSs based on Michelson interference principle in Ref. 8.
Figure 4 shows the variation of ASTRs ␣ over the fiber
length and maximum STRs at the midpoint of the fiber in
Optical Engineering

terms of the gauge length of the optical fiber, and also the
experimental values by Ansari and Libo.8 It can be seen
that the ASTRs and maximum STRs for the optical fiber in
our study differs from those derived by Ansari and Libo,8
especially for the optical fiber with half-gauge length
shorter than 60 mm. When the fiber gauge length increases,
the ASTRs and the maximum STRs determined by Ansari
and Libo8 are close to the values presented in this paper
since sinh 共kL兲 is nearly equal to cosh共kL兲 for a larger fiber
half gauge length L. Note that Eq. 共22兲 is a more accurate
solution for the strain transfer problem in the concentric
cylinder model.
As indicated in Fig. 4, the ASTR experimental values by
Ansari and Libo8 agree quite well with those evaluated by
Eq. 共22兲. Although the model has been verified for the
simple case in this paper, further experiments are required
to validate its generalization. In any case, it facilitates a
simple and direct qualitative interpretation of structural
strains from measurement values made by OFSs.
Since the STRs at all the points within the fiber gauge
length varies and a Bragg grating demands uniform axial
deformations to avoid multiple-peak reflection and light
spectrum expansion, it is required that an optical fiber be
evenly stressed. However, only a short portion of FBG sensor is usually bonded, and this will lead to inadequate strain
transfer, i.e., the strain sensed by a FBG sensor is only a
fraction of the host material strain. Figure 5 shows the
variation of ASTRs ␣ along the fiber with a gauge length
120 mm. The figure indicates that the STRs near the center
of the fiber approach unity. Therefore, an adequate fiber
length must be bonded to ensure the correct measurement
of the host structural strain. Critical adherence length
共CAL兲 can be defined as the minimum length to be bonded
so that the STRs, at least over the middle half-length of the
fiber, are larger than 0.9, i.e.,
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Fig. 6 Cross section of a multilayer adhered fiber.

Fig. 5 Strain transfer rate of a 120-mm-gauge-length fiber.

␣共lc/2兲 艌 0.9.

共23兲

Substituting Eq. 共20兲 into Eq. 共23兲 gives
cosh共klc/2兲
⑀g共lc/2兲
艌 0.9.
=1−
⑀m
cosh共klc兲

共24兲

The solution of Eq. 共24兲 is
CAL = lc = 9.24/k,

冕冉 冊 冕冉
rm

dx
dr =
dr

rg

共25兲

where lc is only computed over the half gauge length. Critical adherence length means that an OFS can be bonded
over a longer portion, and the effective gauge length is
located in the middle. For the case shown in Table 2, the
CAL is 99.78 mm. This implies that the STRs along the
middle half-length of the fiber are larger than 0.9 as long as
the minimum bonded fiber length is beyond 99.78 mm.
CAL indicates that we can bond an FBG over a longer
length, for instance 80 mm, to locate the FBG just in the
middle of the adhered length for efficient strain transferring.
4

Strain Transferring for a Multilayered
Concentric Model
In many cases, there are several middle layers between the
fiber and host material, for instance, the fiber is first coated
with an adhesive that solidifies quickly, and then bonded to
the structure by an epoxy that solidifies slowly to ensure a
uniform stress distribution. One typical case is to bond the
fiber to a structure by directly applying adhesives on the
fiber coating, and the coating and the adhesive form two
separate layers between the fiber and host material. In some
sensing applications, specialized coatings are required to
enhance an optical fiber’s measurement sensitivity and to
accommodate the host structure. The FBGs used in this
paper are coated in this way with two different layers of
coatings to employ their advantages of mechanical properties.
Figure 6 shows a multiple layer model available for the
strain transfer analysis. Additionally, ri is the outer radius
Optical Engineering

of the ith layer 共i = 1 to n兲, rg is the outer radius of the fiber
layer, and rm is the inner radius of the host materials 关i.e.,
the outer radius of the 共n + 1兲th layer兴. Here Gi is the shear
modulus of the ith layer 共i = 2 to n兲, and Gc is the shear
modulus of the first layer.
Equation 共11兲 can be rewritten as

rg

−

冊

1 r2g d⑀g
Eg
dr.
Gc 2r dx

共26兲

The resulting expression is integrated, over rg, from the
fiber and first layer interface, to the outmost layer and host
material interface radius rm through all the middle layers as
follows:

冋冕

r1

冕
冕冉
r2

+

rg

r1

冕 冉 冊册
rm

+ ¯ +

rm

+

−

rn

rn

dx
dr

冊 册

dr =

冋冕

r1

+

rg

冕

r2

r1

+ ¯

1 r2g d⑀g
Eg
dr .
Gc 2r dx

共27兲

The integration result of Eq. 共11兲 is given by
um − ug = −

+

1 d⑀g
Eg
= − r2g
2
2
km dx

冉 冊册

1
r1
ln
Gc
rg

冋兺
n

i=2

冉 冊

1
ri
ln
Gi
ri−1

d⑀g
,
dx

共28兲

where um and ug denotes the axial displacement from the x
coordinate origin in the host material and fiber, respectively:
2
=
km

冋兺

2

n

r2gEg

i=2

共1/Gi兲 ln 共ri/ri−1兲 + 共1/Gc兲 ln 共r1/rg兲

册

.

共29兲

The strain lag parameter k, similar to the formerly discussed case, is determined by Young’s moduli of the fiber
and the middle layers, and the diameters of the fiber and the
middle layers.

024402-7

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 8/6/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

rm

February 2006/Vol. 45共2兲

Li et al.: Strain transferring analysis of fiber Bragg grating sensors

Thus, Eqs. 共20兲 and 共29兲 can be used directly to compute
the strain transfer rate for a fiber embedded in host material
with multiple layers. Consequently, the critical adherence
length and the average strain transfer rate within a gauge
length for an optical fiber sensor can be computed by Eqs.
共20兲 and 共29兲.
5 Conclusions and Discussion
The average strain transfer rate was analytically derived for
an optical fiber embedded in a host structure separated by a
middle layer. The values of the average strain transfer rates
calculated from the analytical model agree well with available experiment data. This enables simple and direct qualitative interpretation of structural strains from measurements
made by OFSs, especially when calibration tests are difficult or impossible to perform.
Moreover, the critical adherence length of an optical fiber sensor, which shows the influence of the middle layer
on the strain transfer rate, was defined. Consequently, some
measures were suggested to make the strain transfer more
efficient for the packaging and installing of optical fiber
sensors.
More experiments with different middle layers should be
performed in the future to further the generalization of the
model developed in this paper. And this model may also be
extended to the case of arbitrary strain loads, or even in the
case of loads in arbitrary directions.
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