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Abstract: Fiber Bragg grating (FBG) sensors already have been the focus for structural health monitoring (SHM) due to their
distinguishing advantages. However, as bare optical fiber is very fragile, bare FBG strain sensor without encapsulation can not
properly be applied in practical infrastructures. Therefore encapsulation techniques for making encapsulated FBG strain sensor
show very important in pushing forward the application of FBG strain sensors in SHM. In this paper, a simplified approximate
method to analyze the stress transferring rules for embedded FBG strain sensors in concrete monitoring is put forward according
to mechanics of composite materials. Shear lag theory is applied to analyze the stress transferring rule of embedded FBG strain
sensor in measured host material at the first time. The measured host objects (concrete) and the encapsulated FBG strain sensor
are regarded as a composite, and then the stress transfer formula and stress transfer coefficient of encapsulated FBG strain sensor

are obtained.
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1. Introduction

Fiber Bragg grating (FBG) sensors, already have been the
focus for structural health monitoring (SHM) due to their distin-
guishing advantages: electro-magnetic resistance, small size,
resistance to corrosion, multiplexing a large number of sensors
along a single fiber, etc. At present, FBG strain sensor has been
widely investigated and applied in infrastructures, since Hill°
and Meltz’ developed the FBG fabrication techniques. Aftab®
even described its wonderful future in the field of innovation
infrastructures.

Since bare optical fiber is very fragile, in practical infrastruc-
tures bare FBG sensor without encapsulation can not be applied
directly as it can not adapt to the rudeness of construction.
Therefore, we have to develop special in-situ installation and
protection techniques for bare FBG sensors. Unfortunately, the
‘perfect’ installation technique often conflicts with the in-situ
construction, or it can not meet the demand of critical schedule
of construction. So the encapsulation techniques, which are used
to make encapsulated FBG strain sensor, show very important in
pushing forward the application of FBG strain sensors in struc-
tural health monitoring.

The mechanical theory of encapsulating FBG strain sensors
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has been discussed in literature,8 where the exact solution has
been obtained, but the result is so complicated that it is unsuit-
able for encapsulated FBG strain sensor design and in-situ appli-
cation in civil engineering. In this study, considering the
convenience of encapsulated FBG strain sensor design and in-
situ application, a simplified approximate method is put forward
to analyze the stress transferring rules for FBG strain sensors
embedded in concrete based on shear lag theory, according to
mechanics of composite materials. Based on the obtained
results, the sensitivity of encapsulated FBG strain sensor can be
improved by increasing transferring coefficient of coated FBG
strain sensors by choosing coating material with appropriate
physical parameters.

2. Basic assumptions

Shear lag theory was firstly put forward by Roser’ to analyze
the stress transfer in composite material along longitudinal direc-
tion, which assumes that matrix only transfers shear stresses.
Hence, stress transfer formula can be derived easily by equilib-
rium conditions. Though it is not so accurate like elastic theory,
it is a simple method to analyze stress transfer rules of FBG
strain sensor embedded in concrete.

As shown in Fig. 1, FBG strain sensor is covered by coating
materials, and the stress of concrete is transferred to fiber
through covering materials. In Fig. 1, o is the average equivalent
stress of the composite materials composed of concrete, coating
layer and fiber, r,, r, and r; are the radius of concrete matrix,
coating layer and fiber, respectively. By applying shear lag the-
ory here, some necessary assumptions should be given below:

1) Outer of FBG strain sensor: In the longitudinal direction of
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Fig. 1 Schemes of encapsulated FBG sensor embedded in
concrete under loading state.

fiber, the axial stress of coating material is transferred by the
shear stress of interface between concrete matrix and coating
material.

2) Inner of FBG strain sensor: In the longitudinal direction of
fiber, the axial stress of FGB sensor is transferred by the shear
stress of interface between fiber and coating material.

3) The concrete matrix outside the FBG strain sensor has aver-
age performance.

3. Theoretical derivation

At first, the stress that transfers from concrete to coating layer
is discussed. Because the radius of fiber is much small, approxi-
mately, we think fiber has no influence on the stress transfer
between concrete matrix and coatings. And then the composite
material is only composed of concrete and coatings without the
consideration of fiber.

A unit element of coating material is shown as Fig. 2 cut from
Fig. 1, in which, 7, is the shear stress of the interface between
concrete and coatings, o, is the axial stress applied on coating
material. According to equilibrium conditions, Eq. (1) can be
obtained below:

(o, + 1,2 ,dz) = (o, +da) (1)
And Eq. (1) can be rewritten as:

do, 2,
= — @)

dz r

Eq. (2) shows the linear relationship between the axial stress on
coating materials along z direction and the shear stress of the
interface.

According to strength criteria, the below relation exists in
composite materials:

c=(l-w)o,+ oo, 3)

Jc

dz

Tc

Oc+d0c

Fig. 2 Unit of coating material without considering fiber.

where o = ri/ri. o, can be obtained by solving Eq. (3):
r2¢_7— r2 o,
%= "5 (4)
r,—r.

At the interface of concrete matrix and coating material, there
is a shear layer bonded with concrete matrix outside the cylindri-
cal coating material. Its radius is denoted as ry,, which is gener-
ally equal to 0.1~0.2 of the radius of coating material. The shear
strain y of concrete matrix can be determined by the relative dis-

placement of matrix and cylindrical coating material following:

y=—— ®)

rp=Te

where, 4, is the average displacement of composite matrix, g, is
the displacement of cylindrical coating material. Stress transfer
within cylindrical coating material is through the micro-defor-
mation of concrete matrix. Therefore, coating material and matrix
are considered to be in elastic state. Derivating Eq. (5) with
respect to z by first order, and then substituting into the constitu-
tive relation give:

<= | =<__Z 6
s (©)

E

c a

dr, G, (O‘c aa)

where E, and G, are the Young’s modulus and the shearing
modulus of matrix, respectively and E, is the Young’ modulus of
coating material. According to the theory of composite material
mechanics, E, can be derived as below:

E,= oE,+(1-0)G, (7)

Derivating Eq. (2) with respect to z gives:

c= 2. ®)

Substituting Egs. (4) and (6) into Eq. (8), then a two-order
ordinary differential equation about the stress of coating material
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is given below:

d
dic—p20c+626'20 )
A
where
2
2 2G 1 r.
p = v s (10)
(rb_rc)rc|:Ec Ea(ri—ri)}
2
2G
a ra (11)

(rb—rc)rc Ea(ri_ri)

with Egs. (9), (10), and (11) and corresponding initial conditions,
one can easily solve the stress distribution along z direction for
the coating material.

In what follows, the stress transfer from the coating layer to
FBG strain sensor will be analyzed. The rule of stress transfer in
composite material composed of coating layer and fiber is same
as that in composite made of concrete and coating layer. There-
fore a two-order ordinary differential equation about stress of
fiber can be obtained similarly:

o,
—5p o 7, =0 (12)
z

where oy is the stress of fiber transferred from the coating layer,
o, 1s the average equivalent stress of composites consisting of
fiber and coating layer,

2
220G {H s } (13)

T (g —rpry By E(r2—r)
2
2G
c rC (14)

;= .
(rpy=rprs Ec(”i —r;)

where G, is the shearing modulus of the coating material, ry,is
the radius of shear layer bonded with coating material outside
the fibre. The solution to Eq. (12) is the stress distribution along
its longitudinal direction of fiber within composite.

Since concrete and fiber are continuous media, and there is no
normal stress at the two ends of the fiber, the equivalent average
stress applied on composite composed of coating material and
fiber equals the axial stress applied on coating layer.

o,=o0, (15)

As the FBG sensing part is very short (always within several
centimeters), stresses in fiber and concrete membrane within the
sensing length can be considered approximately same, this
yields:

Fo, o
> =—5 = 0 (16)
dz dz

based on Egs. (9), (12), and (16), we can obtain:

o = (§)2~(ﬁ—;‘.)26 s {17)

where « is defined as transferring coefficient of coated FBG
strain sensors, from Egs. (10), (11), (13), (14), and (17), ¢ can be
expressed as:

(52 (602 rariEE,
a—(—) (_) a 2 22 3 2 2
P Pr [EprytE(ro—rp)]-[E r, + E(r,—r.)]
(18)
e 22 2 2 U :
considering r, » 7y, r, »r,, Eq.(18) can be simplified as:
(Y - gl
=\=) =) = 19
L S VoI o B VN )

4. Analyzing and discussions

According to Eq. (17), the stress in FBG strain sensor is linear
with the average equivalent stress of concrete members, and the
more the transferring coefficient () is, the higher the stress
sensing sensitivity of FBG strain sensor is. Once FBG strain sen-
sor and measured objects are determined, stress transferring
coefficient is only related with the size and the Young’s modulus
of coating material. Appropriately choosing coating material
including its size and Young’s modulus can improve the sensi-
tivity of FBG strain sensor by increasing the stress transferring
coefficient, and get more accurate monitoring data. In order to
quantitatively analyze the relationship between stress transfer
coefficient and physical parameters of coating material, follow-
ing calculation and discussion are made, where it assumes that
the fiber of FBG strain sensor is single-mode fiber, and its radius
1= 62.5 um, Young’s modulus E¢;= 74 GPa, the radius of moni-
tored concrete member r,=6cm, and concrete modulus E,
=30 GPa, respectively.

When the radius of coating material is determined as 2 mm,
3 mm, 5 mm, and 8 mm respectively, according to Eq. (19), the
relation curve between stress transfer coefficient « and the
Young’s modulus of coating material can be plotted in Fig. 3(a).
Seen from Fig. 3(a), even the radius of coating layer changes,
the maximal transfer coefficients ¢, = 2.459 can be reached at
different radius. With the decrease of the radius of coating mate-
rial, transfer coefficient is always high after the initial increasing.
Therefore, during the process of FBG strain sensor design, the
sensitivity of FBG strain sensor can be improved by increasing
stress transferring coefficient via choosing coating material with
appropriate Young’s modulus according to Eq. (19) once all
other parameters of sensors are determined. Fig. 3 (b) shows the
relationship between stress transferring coefficient « and radius
of coating material when the Young’s modulus of coating is
determined. For clarity, the detailed part of Fig. 3(b) that the
range of radius from 0 to 1 mm and the range from 1 mm to 10
mm are shown in Fig. 4(a) and (b), respectively. Base on Fig. 3
(b), Fig. 4 (a) and (b), for the four different Young’s modulus
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coating material, all of them can reach the maximum coefficient

2.48
246 I N ] Omax = 2.459. During the process of FBG strain sensor design,
2l ““‘*-m_____“_h ------------------------------------ ] the sensitivity of FBG strain sensor can be improved via choos-
g v j ‘*“~--~.~_~_h_“ ing coating material with appropriate radius based on Eq. (19)
£ T once all other parameters of sensors are determined.
§ 24 According to Figs. (3) and (4), once one of the parameters of coat-
% 238 ing material (size or Young’s modulus) is fixed during packaged FBG
£ ,a r.=8mm ] strain sensor design, another parameter can be optimally chosen based
g 234 -==-- 1= 5mm | on Eq. (19) to reach the maximum stress transferring coefficient.
»  ff e r.=3mm Additionally, one point that should be paid attention is that
232 1= 2mm ] stress transfer coefficient of sensor has a constant maximum
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s T material. Fig. 5 (a) and (b) give the varying curve of stress trans-
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g '8 ] above results.
&’ 6 ] In brief, once the properties of monitored object and fiber are deter-
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% ’-j - ie: ;‘:z: 1 can_be obtained by Eq: (1'9), and then the design of package FBG
P e ooopa | strain sensor can be optimized tq get gccurate measuring results.
0.8} ¢ 1 To demonstrate the results in this paper, in the near future,
065 : - s 5 20 coated FBG strain sensors with different coating materials and

Radus of coating material r, (mm) different physical parameters will be fabricated, and then they
(b) Radius of coating material will be embedded in concrete beam specimens to test and com-

Fig. 3 Relations between coefficient o and (a), (b). pare their stress transfer coefficient by beam loading test.
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5. Conclusions

According to shear lag theory, a simplified approximate
method is put forward to analyze the stress transferring rules for
embedded encapsulated FBG strain sensors by mechanics of
composite materials. Based on the results obtained in this
research, during the process of embedded encapsulated FBG
strain sensor design, the sensitivity of FBG strain sensor can be
improved by increasing stress transfer coefficient among con-
crete and coated FBG strain sensor via choosing coating material
with appropriate physical parameters such as Young’s modulus
or its size.
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