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Mechanical Property and Strain Transferring
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Dongsheng Li, Liang Ren and Hongnan Li
Dalian University of Technology
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1. Introduction

Optical fiber sensors (OFSs) have attracted considerable interests for their superior sensing
abilities, especially due to their electromagnetic inference immunity and high sensitivity.
However, OFS sensors based on bare fibers are fragile and easily damaged. For their safe
use in engineering sensing, the glass core of optical fibers has to be coated with protective
coatings, or to be bonded with adhesive materials, for instance, epoxy. Low elastic modulus
of the soft coatings or bonding layer results in various shear stresses along the middle layer
between the fiber core and the host structure to be measured. A portion of the host material
strain is absorbed by the protective coatings when the strain transfers from the host material
to the fiber core, and hence only a small fraction of structural strain is sensed. Consequently,
the strains directly sensed by OFSs are different from actual structural strains. This is the
main issue to be discussed in the chapter.

For the purpose to discuss the strain transferring problem, fundamental mechanical
properties of OFSs are first presented. The chapter then develops an analytical model to
derive the relationship between OFS sensed strains and actual structural strains. It is
discovered that the strains, directly sensed by an OFS, have to be magnified by a factor
(strain transfer rate) to reflect actual structural strains. This is, of course, of paramount
interests for the application of optical fiber sensors. The factors that affect the efficiency of
strain transfer on the optical fiber sensor are deduced and discussed in details based on the
theoretical analysis. Critical adherence length is proposed as a measure to guarantee
sufficient strain transfer rate based on the analytical model. Detailed analysis shows that the
critical adherence length is the minimum length with which the fiber has to be tightly
embedded to a structure for adequate sensing. Furthermore, theoretical results are verified
through laboratory experimentation with the fiber Bragg grating sensors. Measured average
strain transfer rates agree well with those calculated from the analytical model.
Furthermore, the strain transfer rate of an OFS embedded in a multi-layered structure is
consequently developed and the shear modulus of the host material on the influence of
strain transmission is discussed.

For surface-bonded OFSs, optical fibers are adhered on the surfaces of structural members.
Adhesive material still exists in-between and optical fibers are only partial buried. The strain
readings of OFSs can be heavily affected by the thickness and mechanical properties of the
adhesive and therefore it is important to determine how these factors affect the
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440 Fiber Optic Sensors

measurements. Numerical finite element simulations are reviewed for strain transferring
mechanism of surface-bonded OFSs. In the end, the chapter summarizes current
investigations on strain transferring mechanism of optical fiber sensors and practical
packaging issues.

2. Fundamental mechanical properties of optical fibers

An optical fiber is a flexible, transparent fiber made of very pure glass (silica) not much
wider than a human hair that acts as a waveguide, or "light pipe", to transmit light between
the two ends of the fiber (Thyagarajan & Ghatak, 2007). Optical fiber typically consists of a
transparent core surrounded by a transparent cladding material with a lower index of
refraction.

Materials Properties Symbols Values Unit
M @ 0) @

Young's modulus of silica fiber E 7.3 x 1010 Pa
Young’'s modulus of silicon coating E 2.55 x 100 Pa
Poisson’s ratio of silicon coating \% 0.17~0.48 -

Shear modulus of silicon coating G 8.5 x 105 Pa
Strength of silica fiber o 0.35~4.8 x 1010 | Pa
Breaking strain of silica fiber € ~10% -
Density p 2200 Kgm?-3
Coefficient of thermal expansion f 0.54 x 10-6 K1

Table 1. Typical mechanical properties of the optical fiber (Fernando et al., 2002; Measures,
2001)

Optical fibers are drawn from a molten glass perform. Although fluorozirconate,
fluoroaluminate, and chalcogenide glasses as well as crystalline materials like sapphire, are
used for optical fibers, silica is the most common material, especially for optical fiber
sensing applications. Optical fibers made of fused silica are perfectly elastic until their
breaking point. They are brittle and do not yield as do metals when overstressed. For the
interests of sensing applications, key mechanical properties of silica fiber are listed in Table
1. Due to variation of manufacturing processes, mechanical properties of optical fibers may
fluctuate around the nominate values in Table 1.

Although the strength of silica fiber is in excess of 4.8 Gpa (~7% strain), the practical stress
limit is much lower due to the presence of many microscopic flaws. Proof tests are then
carried out by manufactures to guarantee a safe operating stress and a predictable life.
Typically, optical fibers are proof tested to 0.35 Gpa, corresponding to about 0.5% strain
(Measures, 2001). For most sensor applications, the strength of silica fiber is much higher
than that of structural members to be measured. Fatigue tests showed that optical fibers
have a long working life when its operating stress is a small fraction of the proof stress. For
most long term sensing application, OFSs can survive and are adequate.

Furthermore, fiber Bragg gratings (FBG) are the most common sensing elements among
OFSs. Their strength is of considerable interests. Experiments showed that the formation
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of FBGs with UV light leads to a substantial weakening of the optical fiber (Feced et al.,
1997). Controversy exists. Varelas et al. (1997) have demonstrated that producing FBGs
with a continuous wave caused only minimal reduction in the strength of the optical fiber.
Further investigations are needed to study the effects of fabrication of FBGs on the fiber
strength.

3. Strain transferring mechanism for embedded OFSs

Conventionally, the values measured by optical fiber sensors were assumed to be actual
structural strains (Baldwin et al., 2002). In fact, the strain measured by an OFS is different
from actual host structure strain because of the difference between the optical fiber core
modulus and the modulus of the fiber coating or the adhesive. Such strain difference
depends on detailed packing measures of OFSs. Generally, there are three methods to
integrate OFSs with host structures in terms of packing strategies: (1) direct integration, in
which OFSs are directly embedded in or surfaced bonded to a host structure; (2) sensor-
packaging integration, by which OFSs 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; (3)
clamping integration, in which an OFS is gripped at two ends by a bracket fixed on the host
structure. No matter how the OFSs are packaged and integrated, the fiber core is brittle and
has to be protected by adhesives or a coating layer in most sensing 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 many applications of OFSs by simply assuming that the fiber strain is
consistent with the host structural strain (Friebele et al., 1999; Udd, 1995). Such assumption
gives acceptable measurement results for the OFSs with long gauge length, 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, FBG sensors, in which the effect of
the bonded fiber length on strain transfer between the fiber and host structure is significant
(Galiotis et al., 1984). It is, thus, of primary importance to have a detailed knowledge of the
relationship between the host structural strain and the fiber strain in order 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 as shown in Table 1, the axial elastic displacements of the fiber and the host
material are different. In order to measure the strain of host materials accurately, there is a
need to develop the relationship between the strain sensed by an OFS and the actual strain
of the host material. Many researchers all over the world have made great efforts in this
field and obtained notable achievements. Pak (1992) 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 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 & Libo (1998) developed a simply model for evaluating
the strain transfer percentage from the surrounding matrix to a length of optical fiber
embedded in it under the assumption that the strain at the middle of the bonded fiber is
equal to that of the host structure at the same position. Experiments were performed with a
white-light fiber-optic interferometer to confirm the theory results. Li et al (2002) considered
the coating as an ideal elasto-plastic material and deduced the strain transfer coefficients
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when the host material experiences tensile stress and compression stress respectively.
Galiotis (1984) 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 (1952).

This chapter mainly concerns the 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 an optical fiber and the actual one experienced by the structure, a more
realistic hypothesis is proposed in this chapter.

3.1 Theoretical approach

An optical fiber usually consists of three layers: fiber core, cladding and coating. The core
diameter of a single mode fiber is usually 9pm, and the value for a multiple-mode fiber is
50pm (Fig.1). The coating, i.e., the outer layer of an optical fiber, often has an outer diameter
of 250pm and an inner diameter of 125pm. The coating is usually made of plastics.

Sum

125um/claddin

S 250pum
Coating

Fig. 1. Structure of a typical single mode fiber

We will deal with a concentric model of OFSs, which is similar to the fiber structure in Fig.
1. The concentric model is just a simplification of direct integration strategy. 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 (including the core and cladding only) is attached to the inner surface of a steel
tube by adhesives. In 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.

For the concentric model, the strain transfer process from host material to the fiber core can
be described as follows: as the host material generates strain under external loads, the
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deformation makes the shear strain appear in the interface between the host material and
interlayer, and the shear strain is transferred to the interior of the interlayer to an extent
which depends on the effective bonding of the interface. The interlayer generates axial strain
at the same time. The axial strain in the interlayer is transferred to the fiber core through the
shear strain in the interface between the interlayer and fiber core. The fiber core generates
axial strain and senses the strain of the host material.

In the analysis of strain transfer to the optical fiber from the host material quantitatively,
following assumptions are adopted for the concentric model.

Assumption 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.

Assumption 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.

Assumption 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 de-bonding
exists.

In the concentric model, the Young’s modulus of the single optical fiber is E, with a radius
of r, embedded in a host material, separated by a middle layer of Young’s modulus E. and
radius ry, and Poisson’s ratio v, as illustrated in Fig.2. The host material, assumed to be
infinite in all directions, is subjected to a uniform axial stress. L is the half gauge length of an
optical fiber sensor, and 2L is the total length that the fiber is bonded to the host material
through the middle layer. 7(x,r) is the shear stress in the middle layer a distance r above a
given x coordinate along the center of the fiber. 7(x,r,) is the shear stress at a given x
coordinate along the fiber-middle layer interface. o,, o, and o,, are the axial stress in the

fiber, middle layer and the host material, respectively.

Based on the stress equilibrium for a small segment of the fiber and assumptions 1-3, the
longitudinal stress along the fiber o, is related to the interfacial shear stress at the
fiber/middle layer interface through,

d 27(x,r
og (x,1,) o
dx T

In reference to the free body diagram pertaining to the middle layer (Fig.2c), the equilibrium
in the x direction results in the following relationship by balancing the shear stresses

7(x,7,) and 7(x,r) with the axial stress o,

2 2
T, =1, do
8 8 c
x,r)=-27(x,1,)— —£ 2
£l =L, r) - — -2 @

Substitution of (1) into (2) leads to,
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Fig. 2. Coordinate system and free body diagram of symmetrical section of optical fiber: (a)

Optical fiber of gauge length 2L; (b) One quarter of the fiber; (c) Stress distribution of the
fiber and the coating.
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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
. S . . . u

neglected. Using the constitutive equation relating stress to strain, o, =E

g, ,where ¢, =—
is the axial strain along the fiber and u = u(x) is the displacement, one obtains,

7(x,r)=—

4
878 & dx

2 2 2
T re—r
)=t p P Tl pods
2r & dx 2r dx @
2 2
:_Egrg dgg_r —T, i&
2r dx rgz Eg dx

Since the fiber is strained together with the middle layer, the strain gradients are expected to

be of the same order,
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Thus, the important factor that determines 7(x,r) in (4) 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, ten percent or less than that of the glass fiber, and r is not
much larger than rg (the middle layer is typically very thin to admit efficient strain transfer
between the fiber and the host material), the second part of the right hand side of (4) is,
therefore, insignificant compared to the first part,

2

r —r E, dg de

—5 L= o(—E) (6)
Ty Eg dx dx

Substituting (5) and (6) into (4) results in,

2 2
r,” do r de
, =_g__g:_LE _8 7
7o) 2r dx 2r ¢ dx @)

The shear stress term in (7) is determined by using Hooke’s law as follows,

ou ow ou
X,r x,1)V=G —) =G, — 8
() = Gl = G5+ 2 2GS ®)
where u=u(x) and w=w(x) are the axial and radial displacements in the middle layer,
respectively. Substituting (8) into (7) 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,

"’G —d —=E,—= |dr 9
e J.T { 2r ¢ dr} ®)
The integration result of (9) is,
E, de de
PR S LS P S i (10)
£ 002G dx By, k* dx

where u,, and u, 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,

2G,  _ 1 a1
2 [ E 5
1 EgInC™) (14 )£ 12 In(m)
T’g Ec rg

k* =

where, G, , is the shear modulus of the middle layer. Differentiation of (10) with respect to x
yields,

d*e_(x
%)— ke, (x) =k, (12)
X
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The general solution to (12) takes of the following form,
£q(x) = e +ce™ 1 g, (13)

where ¢; and c, 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,

gg(L)=¢,(-L)=0 (14)
The boundary conditions established by (14) are identical to the following equations,
£4(L)=0, 6,(0)=0,£,(0)=0 (15)

The relationship (15) states that there is no shear stress in the fiber at the midpoint of the
fiber (refer to (1)) due to the symmetric nature of the structure. The boundary conditions
established in (14) and (15) will lead to the same solution as (13). Hence, by imposing these
boundary conditions on (13), ¢; and c,, are evaluated and obtained as

gm
Cym——fm 16
T2 T cosh(kL) 16

Thus, the final solution to (13), i.e. the strain distribution along fiber and its relationship to
the strain of the host material at a given x coordinate is,

_ cosh(kx)

cosh(kL) ) 17

gg(x) =¢,(1

Eq.(17) 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 (11).

Fig.3 shows the strain transfer rate along an optical fiber. The mechanical properties of the
optical fiber employed in the investigation, are given in Table 2. These properties are the
same as those used by Ansari & Libo(1998) 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. Fig.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.

3.2 Influence of the host material

Previous research on embedded OFSs have been carried out under the assumption that the
strain distribution of the host material is not influenced by the embedding of the OFS and
equals to the actual strain of the host material on the outer surface of the interlayer.
According to Newton’s third law, when strain in the host material causes deformations in
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Fig. 3. Distribution of normal strain in fiber along the length

Materials Properties Symbols Values Unit
) (2) (3) (4)

Young's modulus of the fiber E, 7.2 x 1010 Pa
Young's modulus of silicon coating E. 2.55 x 100 Pa
Poisson’s ratio of silicon coating U 0.48 -

Shear modulus of silicon coating Ge 8.5 x 105 Pa
Radius of outer boundary of silicon coating Tm 102.5 pm
Radius of the fiber Te 62.5 pm

Table 2. Mechanical properties of the optical fiber

the interlayer, the interlayer reacts causing opposite deformations in the host material.
Thereby, the strain level of some of the host material surrounding the embedded OFSs is
lower than the actual strain of host material. The effects of host material properties in strain
transfer are often ignored. However, many experiments and interrelated investigations
reveal that this will result in large errors of strain transfer in the calculation especially when
the stiffness of host materials is much lower than that of the fiber core.

In the field of short-fiber composites, Cox(1952) first developed the theoretical analysis of
load transfer from the matrix to the fiber and this theory is referred to as the shear-lag
analysis. The Young's modulus of matrix is considered as an important parameter.
Subsequently, Monette et al. (1992), Rosen et al. (1965) and Tsai et al. (1990) deduced
different improved strain transfer formulae using different assumptions based on the
principle of shear-lag theory. In their formulae, the Young's modulus of matrix was
introduced as a variable. All the results indicated that the strain transfer depends on the
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characteristics of the matrix. Monette et al (1992) investigated the strain transfer employing
both analytical theory and computer simulation. The conclusions imply that the strain
distribution in the fiber is expressed as a function of Ej / E, , here E; and E, are the
Young's modulus of fiber and matrix respectively; the stress transfer efficiency increases as
the value of E; / E, increases. In the same paper (Monette et al. 1992), a general theory was
outlined based on a shear-lag type approach for a three-phase composite material made of a
single fiber plus an interphase region embedded in a soft matrix. The shear strain in the
matrix exists from the interphase to a distance chosen far away in the matrix. The computer
simulation results infer that the strain transfer is deeply influenced by the ratio, E;/E, .
Grubb and Li (1994) used Raman spectroscopy to measure the axial stress distribution along
a fiber during a quasi-static single fiber pull-out test. They obtained that the shear-lag
constant can be expressed as a function of the matrix shear modulus and geometric terms.
One of these terms is the effective interfacial radius, Tos which is the radius for which the
strain in the matrix equals the average matrix strain. Raman measurements indicate that r,
is small, only four times the fiber radius. This result is supported by polarizing microscopy.
The model of Greszczuk (1969), which assumes a uniform shear within an effective
interaction thickness, gives a similar result. Jiang et al. (1998) concluded that the
conventional shear-lag theory has many drawbacks. Despite considering the strain transfer
from matrix to fiber, the influence of the embedded fiber on the matrix is not taken into
account by the shear-lag theory. They developed the theoretical formulae of fiber and matrix
strain field distributions employed both shear-lag theory and elastic theory. The significance
of the matrix is emphasized sufficiently in their deformation model. They not only
considered the strain transfer from the matrix to the fiber, but also considered the influence
of the fiber on the behavior of the matrix.

All the research findings indicate that the strain distribution of the host material
surrounding the fiber is influenced by the fiber embedding; the character of the host
material have important effects on the strain transferring from host material to fiber.
Therefore, the mechanical properties of the host material must be taken into account when
exploring the strain transferring from host material to fiber.

In our previous investigations(Li et al., 2006; LI et al., 2009), an improved strain transfer
model is developed considering the influence of the host material. An additional
assumption is that the normal stress and the shear stress are both existent in some range of
the host materials and the influencing radius is equal to four times the external radius of the
interlayer. The derivation is similar to the simple model and the final solution is in the same
form as in Eq.(17) with the only exception that the shear lag parameter, k, takes a different
expression as follows,

k* = 2 : (18)
r2E At In(le)+ 1| T _pnfmy L
I c rf m 7’7121 - 7’62 T

3.3 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 (STR) a(x) can be defined as
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the ratio of the strain measured by an OFS sensor and the strain actually experienced by the
host material at a given point of the fiber (a given x coordinate) as following,

ar) =2

Em

_ cosh(kx)
cosh(kL)

) (19)

The maximum STR ¢, (x) occurs at the midpoint of the fiber, i.e. at the point where x is
equal to zero.

£4(0) 1

n(0)= Em :(1_cosh(kL)

(20)

Generally, the strain measured by an OFS sensor, is the average strain over the gauge length
of the fiber. Average STR (ASTR) can be expressed in the following form,

L
z 2| e.(x :
67 _ gg(X) _ 0 g( ) _ 1_ SIIIh(kL) (21)
& 2Le,, kL cosh(kL)

m

The ASTR determined by (21) depends on the gauge length and the mechanical properties
of the optical fiber, the middle layer and the host material. Therefore, it can be readily
employed for correct interpretation of structural strains from the optical fiber measurement
values. 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 OFSs.

Fig.4 shows the variation of ASTRs & over the fiber length and maximum STRs at the
midpoint of the fiber in terms of the gauge length of the optical fiber, and also the
experimental values by Ansari and Yuan (1998). It can be seen that the ASTRs and
maximum STRs for the optical fiber in our study differs from those derived by Ansari and
Yuan (1998), especially for the optical fiber with half-gauge length shorter than 60mm.
When the fiber gauge length increases, the ASTRs and the maximum STRs determined by
Ansari and Yuan (1998) are close to the values presented in this paper since sinh(kL) is
nearly equal to cosh(kL) for a larger fiber half gauge length L. It should be emphasized that
(21) 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 Yuan (1998) agree quite
well with those evaluated by (21). Although the model has been verified for the simple case,
it needs further experiments 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. Fig.5 shows
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Fig. 5. Strain transfer rate of an 120mm gauge length fiber

the variation of ASTRs « along the fiber with a gauge length 120mm. The figure indicates
that the STRs near the center of the fiber approach unity. Therefore, an adequate fiber length
has to be bonded to ensure the correct measurement of the host structural strain. Critical
adherence length (CAL) 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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a(l. /2)>09 (22)

Substituting (19) into (22) gives,

gg(l /2) _ 1 _cosh(kl, /2) g

cosh(kl,) )

Em

The solution of (23) is,

CAL=1.=9.24/k (24)

where [, 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 of the OFS shown in Table 2, its CAL is 99.78mm. 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 99.78mm. CAL indicates that we can bond an FBG over a
longer length, for instance 80mm, to locate the FBG just in the middle of the adhered length
for efficient strain transferring.

R Host material

e oo

e e e
B e v v ottty
e S ot
B e b

<l >

<2L -

Fig. 6. Cross section of a multi-layer adhered fiber

3.4 Strain transferring for a multi-layered 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 OFSs
maybe coated in this way with two different layers of coatings to employ their advantages
of mechanical properties.
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Fig.6 shows a multiple layer model available for the strain transfer analysis. Additionally, r;
is the outer radius of the ith layer (i =1~n), g is the outer radius of the fiber layer and ry, is
the inner radius of the host materials (i.e. the outer radius of the (n+1)th layer). G; is the
shear modulus of the ith layer (i =2~n), and G is the shear modulus of the 1st layer.

Equation (9) can be rewritten as,

2
m dx Tn 1 rg dgg
Ptr=["[-—=2-E,—2d 25
I [ ] -[fg[GCZngx]r )

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

r1 ,,, d 1 7. T 1 1‘2 dz
R I e e e B )

The integration result of (25) is given by,

1 dgg Eg n dgg
U, =—>—2=—r1"-2{» —In(—~ —= 27
=ty =yt S Gy In) @7)

where un and ug denotes the axial displacement from the x coordinate origin in the host
material and fiber, respectively.

k2 = 2 28)
F2EAY S in(-)+ L in(hy)
# i= 2G i1 Gc rg

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.

Thus, (19) and (28) can be directly used 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 (19) and (28).

3.5 Test validation

The experiment is conducted on a universal material testing machine to study the strain
transmission characteristics of an FBG sensor on different material sheets through a
comparison of the strain values measured with the bare FBG and the electric strain gauge. A
steel plate and a plexiglass plate are used in the experiments. Both plates are in rectangular
shapes with uniform thickness. Two bare FBG sensors were bonded directly on one side of
the plate with the two-component epoxy resin. One is located in the middle of the specimen
and the other is located near the end of the specimen. Two electric strain gauges are fixed at
the same positions on the other side of the specimen. The experimental specimen is shown
in Figs. 7 and 8.
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Fig. 8. The profile chart of sensor distribution.

Tensile experiments were carried out on the specimens. The load is controlled in the linear
elastic range of the specimens. Therefore, each point of the specimens is under the same
strain presumably from the point of view of elastic behaviour. The strain measured by the
strain gauge is the actual strain of the plate. The ratio of the strain sensed by the FBG sensor
to the strain measured by the strain gauge is considered to represent the strain transfer rate
from the host material to the fiber core. As shown in Fig. 9, the steel plates is loaded step by
step and continuously from 0 pe to 250 pe, then unloaded to 0 pe. It is seen that the linearity
of strain with the wavelength is very good, and that the coefficient of linear correlation is
larger than 0.999. As shown in Fig. 10, the plexiglass sheet is loaded step by step and
continuously from 0 peto 500 pe, and the coefficient of linear correlation is larger than 0.999
as well.

Based on the theory developed in this chapter, the average strain transfer ratios in steel
and plexiglass as shown in Eq.(21) are 0.82330 and 0.7892 respectively. The ratio of
average strain transfer with two different host materials is 0.9586. The experiment values
can be calculated using test data. The experiments were repeated three times with three
specimens and the data are listed in Table 3. All differences between the test and the
theoretical values are less than 5%. Thus, the theoretical model is verified and the model
is suitable for the analysis of fiber optic sensor strain transfer with different shear
modulus of host materials.
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Fig. 9. the relationship between FBG wavelength and strain on the steel plate.
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Fig. 10. the relationship between FBG wavelength and strain on the plexiglass plate.

Average strain transfer rate First specimen | Second specimen | Third specimen
Experiment values (c1) 0.9602 0.9596 0.9543
Theoretical values (c2) 0.9586 0.9586 0.9586

Error ((c1-c2) / c2) 0.2% 0.1% 0.5%

Table 3. Average strain transfer rates of bonded fiber Bragg grating sensors.
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When the axis of the optical fiber has an angle with the direction of the applied principal
strain/ stress, there would be a different strain/stress transfer rate existence because of the
interlayer between the fiber optic sensor and the surrounding matrix. Li et al.(2007)
discussed this aspect. Jiang & Peters (2008) developed a shear-lag model for unidirectional
multi-layered structures whose constituents vary throughout the cross section through the
extension of an existing optimal shear-lag model suitable for two-dimensional planar
structures and discussed solution algorithms for a variety of boundary conditions.

4. Strain transferring mechanism for surface-bonded OFSs

Apart from embedded FBG sensors, bonded FBG sensors are used more frequently. Because
of the asymmetry of the bonded sensors system, the theoretical analysis is difficult. The
research methods concentrated on computer simulation with finite element model (FEM)
mostly. Betz et al. (2003) studied strain transferring of patch bonded FBG sensors with finite
element analysis and experiments. The fiber is first placed on a backing patch and this patch
is simply glued to the surface of a structure. The thickness and the modulus of the backing
material are varied in the model. When the structure is strained 0.3% parallel to the
direction of the fiber axis, the strain level in the fiber core is found to vary between
0.26%~0.28%. It is concluded that the structural strain has not been completely transferred
due to the fiber due to the presence of the backing patch, and that the degree to which the
strain is transferred depends on the thickness and Young’s modulus of the backing. Lin et
al., (2005) investigated three packaging methods of FBG sensors and found that strain
transmission rates decrease with the increase in thickness of the steel tube. Their
experiments show, however, that the thickness and Young’'s modulus of the glues have little
influence on the strain transmission.

Li et al. (2008) and Zhou et al. (2010) found also that the strain transmission loss is small
when the substrate is thick and stiff as compared to the bonding layer and the FBG.
However, it becomes large when the substrate is thin and made by low modulus
materials. Wan et al. (2008) studied strain transfer with stiff adhesive case with a 3D-FEM
for a surface-mounted strain sensor and verified it by experiments. They found that the
bond length and the bottom thickness are dominant factors besides side width and top
thickness. Jahani & Nobari (2008) demonstrated that both Young’s and shear moduli of
adhesive are frequency dependent in dynamic testing because adhesive materials show
viscoelastic behaviour.

5. Conclusion

The strain transfer mechanism from host material to the fiber core can be described as
follows: as the host material generates strain under the external load, the non-uniform
deformation makes the shear strain appear in the interface between the host material and
interlayer, and the shear strain is transferred to the interior of the interlayer to an extent
which depends on the effective bonding of the interface. The interlayer generates axial
strain at the same time. The axial strain in the interlayer is transferred to the fiber core
through the shear strain in the interface between the interlayer and fiber core. The fiber
core generates axial strain and senses the strain of the host material. In the course of strain
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transferring from host material to fiber core, a portion of strain is absorbed by the
interlayer; the fiber core senses a partial strain of the host material only. Theoretical
studies and experiments found that the structural strain may not be completely
transferred due to the fiber core due to the presence of the coatings or packaging (middle
layer). The strain transfer rate depends not only on geometry and mechanical properties
of the middle layer or the material between the fiber and host surface, but on the Young's
modulus of the host material. Naturally, packaging methods have significant influences
on the strain transfer rate.

In practical applications, primitive protective coatings by fiber manufactures have to be
stripped off for sufficient strain transfer rate, or at least its low Young’s modulus has to be
considered in experiments. Moreover, the aging problem of the adhesive should be
considered since the service life of most structures to be measured is generally designed for
50 years or longer and adhesive must be adequate.
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