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Abstract: Strain transfer analysis is an important means of assessing the measurement 

accuracy of embedded or surface-bonded fiber-optic sensors; however, the effect of 

complex strain fields in substrates has not been well elucidated. Here, a theoretical 

model was proposed for the analysis of strain transfer mechanisms in surface-bonded 

distributed fiber-optic sensors due to linear strain gradients. Closed-form solutions were 

obtained for both single linear and bilinear strain distributions, which were validated 

through controlled laboratory testing. High-resolution strain profiles acquired with 

optical frequency-domain reflectometry allowed also the establishment of a simple 

approach for determining the strain transfer coefficient at the turning point of a bilinear-

type strain. Moreover, parametric analyses were conducted to investigate the influences 

of geometric and mechanical properties of protective and adhesive layers on the strain 

transfer efficiency, shedding light on the design, installation, and measurement 

accuracy improvement of fiber-optic sensors after accounting for the effect of substrate 

strain patterns. 

 

Keywords: distributed fiber-optic sensor, shear lag, surface-bonding, strain transfer, 
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1. Introduction 1 

Distributed fiber-optic (FO) sensing is a versatile tool for condition monitoring of civil 2 

and geotechnical structures because it offers advantages such as distributed and long-3 

distance measurement capability, high precision, anti-interference, and easy installation 4 

[1–12]. Common sensing optical fibers are thin and fragile; hence, they usually require 5 

multi-layered sheath packaging to form FO cables or sensors to survive harsh 6 

environments [13–16]. While their robustness is improved, strain profiles will be 7 

altered by the process of strain transfer from a monitored substrate to the fiber core, 8 

affecting the measurement accuracy of a distributed FO strain sensing system [17–18]. 9 

Therefore, it is essential to understand the host-to-core strain transfer mechanism 10 

toward retrieving actual strain distributions in the monitored substrate. 11 

The strain transfer theory of FO sensors has attracted a great deal of attention 12 

among researchers and practitioners on account of its significant importance. So far, 13 

most research achievements on this aspect have been established based on the shear lag 14 

theory of composite materials introduced by Cox [19]. The early research began with 15 

embedded FO sensors in engineering materials [20]. For example, Nanni et al. 16 

determined the strain transfer coefficient between FO sensor and concrete structure and 17 

found that the transfer coefficient will be higher when the Young’s modulus of the 18 

protective layer is close to that of the fiber core [21]. In 1998, Ansari and Yuan 19 

established a strain transfer model of an embedded fiber Bragg grating (FBG) sensor 20 

due to a uniform strain field using the shear lag theory, which provides an important 21 

reference case for later theoretical analyses and engineering practices [16]. Li et al. 22 
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improved the model in ref. [16] based on the assumption that the strain gradient at the 23 

midpoint of each layer of FO sensor was approximately equal; the derived result was 24 

closer to the actual situation [17]. On this basis, strain transfer mechanisms in FBG 25 

sensors under nonaxial uniform strains were studied [22]. By introducing Goodman’s 26 

hypothesis, Wang et al. further considered the influence of host viscoelasticity and 27 

ambient temperature on the strain transfer coefficient, which enriches the research on 28 

the strain transfer mechanism of embedded FO sensors [23]. 29 

Different from that of embedded FO sensors, analyzing the strain transfer for 30 

surface-bonded FO sensors should take into extra consideration the impacts of 31 

geometric and physical properties of the adhesive layer [24]. Wan et al. introduced an 32 

axisymmetric model of surface-bonded FBG sensor to investigate the influence of 33 

adhesive layer width and bottom thickness on the strain transfer coefficient, and the 34 

reliability of the model was validated through experiments and finite element analysis 35 

[25]. Considering the possible gap between FO cable and adhesive layer, Her et al. 36 

proposed an elaborate analytical model for strain transfer analysis of surface-bonded 37 

FO sensors [26,27]. Xin et al. derived a strain transfer model in the polar coordinate 38 

system and discussed the strain transfer phenomenon observed in crack detection [28]. 39 

Billon et al. developed a strain transfer function for concrete crack monitoring and the 40 

function was validated by the high-performance distributed FO sensing technology—41 

optical frequency-domain reflectometry (OFDR) [29]. By also employing OFDR, 42 

Zhang et al. systematically investigated the effects of mechanical parameters and 43 

bonding method of FO cable on the strain transfer efficiency from both theoretical and 44 
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experimental sights [30]. More recently, Falcetelli et al. developed a strain transfer 45 

model of multi-layered FO cable and obtained the distribution of strain transfer 46 

coefficient for a nonzero boundary condition; the theoretical analyses were more 47 

consistent with actual observations [31]. 48 

From the above literature review, it can be found that current strain transfer 49 

theories are primarily developed for FBG sensors, and most studies have adopted the 50 

assumption that strain distributions in the host material are uniform. However, in actual 51 

structural health monitoring (SHM) or geotechnical applications, substrate strains are 52 

often complex and nonuniform. To this aim, a theoretical model was established for 53 

strain transfer analysis of surface-bonded distributed FO sensors with multi-layered 54 

structures subjected to linear strain gradients. Analytical solutions were derived for both 55 

single- and multi-linear type strain distributions. The proposed model was validated by 56 

two laboratory experiments with high-resolution strain profiles recorded using an 57 

OFDR interrogator. This study may provide a theoretical basis for the analysis of strain 58 

transfer mechanisms in surface-bonded distributed FO sensors due to nonuniform strain 59 

gradients in substrates and guide the design, installation, and measurement accuracy 60 

improvement of distributed FO sensors. 61 

 62 

2. Strain transfer mechanism in surface-bonded distributed FO sensor 63 

2.1. Model formulation 64 

A distributed FO sensing system usually employs a packaged single-mode optical 65 

fiber—FO cable—as the sensing element and transmission medium. Deformation or 66 
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temperature profiles of a structure can be monitored by either bonding the distributed 67 

FO sensor on the structure surface or directly embedding it into the structure. Extending 68 

the research of Falcetelli et al. [31], a theoretical model for strain transfer analysis of a 69 

surface-bonded FO sensor with an n-layered structure subjected to a nonuniform strain 70 

in the host material was established (Fig. 1). The proposed model is based on the 71 

following assumptions: 72 

(1) Both the core and cladding of the sensor are silica, which can be regarded 73 

collectively as a single layer named fiber core. 74 

(2) The fiber core, adhesive layer, and protective layers are all linear elastic 75 

materials; bonding conditions among different layers are good with no relative slippage. 76 

(3) Only the shear stress transfer process among various layers within the bonded 77 

sensor length is considered. 78 

The analytical model is established in the polar coordinate system where x 79 

represents the position along the axis of the sensor, r the radial position, and   the 80 

angle between the boundary point of the adhesive layer and the horizontal direction (see 81 

Fig. 1(a)). Referring to Fig. 1(b), the mechanical equilibrium of a fiber core element 82 

can be expressed as: 83 

2π
2 2

0
( d )π π ( , ) d d 0c c c c c c cr r x r r x                          (1) 84 

where rc is the outer radius of the fiber core layer, c  denotes the normal stress on the 85 

cross section of the fiber core, and ( , )cx r  represents the shear stress at the interface 86 

between the fiber core and the first protective layer. 87 

Eq. (1) can be readily reduced to the following: 88 
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d
( , )

2 d
c c

c

r
x r

x


                              (2) 89 

According to assumption (3), the force equilibrium of the first protective layer 90 

leads to: 91 

     
π- 2π

0
( , ) d d ( , ) d d 0c cx r r x x r r x




                          (3) 92 

where ( , )x r  represents the shear stress at the interface between the first and second 93 

protective layers. By combining Eqs. (2) and (3), ( , )x r  one gets: 94 

 
2 dπ

( , )
π 2 d

c cr
x r

r x





 


                        (4) 95 

Because the fiber core and each protective layer are assumed to behave linearly 96 

elastically during the strain transfer process (assumption (2)), the shear strain ( , )x r  97 

at the interface between the first and second protective layers, according to the Hooke’s 98 

law, can be expressed as: 99 

2

1

d1 π
( , )

π 2 d
c c

c

r
x r E

G r x





 


                      (5) 100 

where 1G  represents the shear modulus of the first protective layer, Ec is the Young’s 101 

modulus of the fiber core, and c  denotes the normal strain of the fiber core. Since the 102 

radial displacement is far less than the axial displacement u, Eq. (5) can be alternatively 103 

written as: 104 

2

1

d1 π
( , )

π 2 d
c c

c

ru
x r E

r G r x







  
 

                      (6) 105 

Then, the axial displacement on the boundary of the first protective layer can be 106 

obtained, by integrating Eq. (6) from rc to r1, as follows: 107 

 
1 1

2

1

d1 π
d

π 2 dc c

r r
c c

cr r

ru
E r

r G r x






 

                        (7) 108 
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                     (8) 109 

where u1 and uc represent the axial displacement at the outer boundary of the fiber core 110 

and the first protective layer, respectively. 111 

The same derivation is made for the other protective layers and the adhesive layer, 112 

and the following equation can be obtained: 113 

2 a n 2 1

a n n-1 2 1 1

dπ 1 1 1 1
ln ln ln ln

π 2 d
c

h c c c

n c

r r r r
u u r E

x G r G r G r G r





 
     

  
…+ +    (9) 114 

where hu   represents the axial displacement on the interface between the adhesive 115 

layer and the host; nr   and nG   represent the radius and shear modulus of the nth 116 

protective layer, respectively; aG  is the shear modulus of the adhesive layer; and ar  117 

is the equivalent radius of the adhesive layer, which can be calculated according to the 118 

geometric characteristics of the model (Fig. 1(a)): 119 

 
π

n
a n n

2 cos1
(1 sin ) d

π 2 π 2

r
r r t r t






 

 



     
               (10) 120 

where t represents the thickness of the adhesive layer from the sensor bottom to the host 121 

surface (see Fig. 1(a)). Here, a shear lag coefficient k is introduced, and then Eq. (9) 122 

can be simplified as: 123 

2

d1

d
c

h cu u
k x


                             (11) 124 

where the coefficient k has the following form: 125 

2 a n 2 1

a n n n-1 2 1 1

π 2

1 1 1 1
π ln ln ln + lnc c

c

k
r r r r

r E
G r G r G r G r




 
  

 
…

             (12) 126 

Since the first derivative of axial displacement with respect to x is the axial strain, 127 

Eq. (11) can be converted to: 128 
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2
2 2

2

d
( )

d
c

c hk k x
x


                           (13) 129 

where ( )h x  represents the strain distribution in the host material. The solution of Eq. 130 

(13) is obtained by solving the second order linear nonhomogeneous differential 131 

equation with constant coefficients: 132 

1 2( ) ( )kx kx
c hx C e C e x                          (14) 133 

where 1C   and 2C   represent the integration constants that can be determined 134 

according to appropriate boundary conditions. 135 

Finally, the strain transfer coefficient of the surface-bonded FO sensor can be 136 

defined as the ratio of the fiber core strain to the host strain, which is given by: 137 

( ) c

h

z x



                               (15) 138 

 139 

2.2. Analytical solutions 140 

2.2.1. Single linear gradient strain 141 

When a cantilever beam with a uniform cross section is subjected to a point load at the 142 

free end, the strain distribution of the beam will be a single linear gradient. Consider 143 

such a strain distribution as shown in Fig. 2, the corresponding strain transfer coefficient, 144 

with the boundary conditions ( ) 0z L  , can be derived as: 145 

 
 

 
 

sinh cosh1
( )=1

sinh cosh

aL kx b kx
z x

ax b kL kL

 
  

  
                (16) 146 

where a and b represent the gradient and intercept of the imposed strain profile, 147 

respectively. 148 

The influences of the bonding length 2L and the strain gradient a on the strain 149 
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transfer coefficient of the FO sensor were studied through a simple example. In this 150 

example, three imposed strain distributions in the substrate were considered: ε(x) = 151 

5000, ε(x) = 2500x + 5000, and ε(x) = 5000x + 5000, with a constant shear lag 152 

coefficient k of 6 m-1. Similar to the case of a uniform host strain, the strain transfer 153 

coefficient profiles due to a single linear gradient strain are characterized by apparent 154 

low strain sensing sections—sensor segments with strain transfer coefficients being 155 

lower than 0.95—at both ends of the FO sensor (Fig. 3). When the bonding length of 156 

the FO sensor is larger than two times the length of the low strain sensing section 157 

(denoted as 2 lowL ), the strain transfer performance in its middle portions will be good. 158 

Therefore, in practical applications, the bonded sensor length should be longer than 2159 

lowL  to avoid poor data quality. By contrast, when the shear lag coefficient k is small 160 

(corresponding to a poor strain transfer performance), the strain transfer profile will be 161 

directly affected by the strain distribution in the host material. Notably, the curves will 162 

incline to the side with a lower host strain, exacerbated by steeper gradients (see Fig. 163 

3). These results collectively indicate that when the shear lag coefficient k is small at a 164 

given sensor design and installation scheme, the influence of host strain pattern on the 165 

strain transfer coefficient should be fully considered to retrieve actual strain profiles 166 

with higher accuracy. 167 

 168 

2.2.2. Bilinear gradient strain 169 

When a uniform beam is subjected to a three-point loading, its strain distribution will 170 

be a combination of two linear strain gradients as shown in Fig. 4. In this case, the 171 
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analytical solution of the strain transfer coefficient can only be derived if the coefficient 172 

value at the turning point of the bilinear curve (e.g., x = 0 in Fig. 4) is predetermined, 173 

in addition to the boundary conditions at the two sensor ends (x = -L1, x = L2). Assuming 174 

a transfer coefficient of 0z  at the turning point, the analytical solution is derived as: 175 

0 1 1
1

1

0 2 2
2

2

( 1) sinh[ ( )] (c b)sinh( )
1 0

(a b) sinh( )
( )

( 1) sinh[ ( )] (a b)sinh( )
1 0

(a b) sinh( )

z b k L x L kx
L x

x kL
z x

z b k L x L kx
x L

x kL

     
     

 
        

  

       (17) 176 

Considering the continuity of fiber strain along the axial direction, if both sensor 177 

sections (L1–0, 0–L2) are long enough (> lowL ), it is reasonable to assume that the strain 178 

transfer coefficient at the turning point is 1. When the turning point falls within the low 179 

strain sensing section, however, it is difficult to obtain the strain transfer coefficient at 180 

the turning point. 181 

In a numerical example we assumed that the host strain distribution was as follows: 182 

1

2

1000 1000 0
( )

1000 1000 0

x L x
x

x x L


   
 

   
                        (18) 183 

Besides, we assumed that the strain transfer coefficient at the turning point was 0.95 to 184 

look at the strain transfer coefficient distribution (Fig. 5). It can be seen that the strain 185 

transfer profiles for single linear and bilinear gradient strains were of the same pattern. 186 

However, in actual applications, strain transfer coefficients at turning points remain 187 

unknown. Here, a simple method was proposed to solve this problem, which can be 188 

described as following. First, the host strain distribution along the entire sensor length 189 

is assumed to have a gradient equivalent to the longer sensor section (e.g., the section 190 

0–L2 in Fig. 4). Next, a hypothetical strain transfer distribution is obtained according to 191 

the method described in section 2.2.1. Then, the strain transfer coefficient at the turning 192 
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point is extracted and taken as the definite solution for Eq. (17). Finally, the theoretical 193 

strain transfer coefficients along the whole bonding length are obtained. The feasibility 194 

of this approach will be verified by the laboratory tests described in the following 195 

section. 196 

 197 

3. Experimental Validation 198 

To validate the proposed analytical model, two laboratory tests were conducted where 199 

the host materials were subjected to multi-linear strains. In the first test, the sensor 200 

bonding length was made sufficiently long (each sensor section was longer than lowL ) 201 

to examine whether the transfer coefficient can be set to 1 at the turning point in the 202 

theoretical model. The second test was aimed at exploring the determination of the 203 

turning point strain transfer coefficient in cases that the turning points are in the low 204 

strain section. 205 

 206 

3.1. Three-point bending test of aluminum alloy inclinometer tube 207 

3.1.1. Test setup and procedure 208 

A three-point bending test was conducted on a 4 m long aluminum alloy inclinometer 209 

tube installed with a 0.9 mm diameter tight-buffered FO strain sensing cable (Fig. 6); 210 

the test setup is shown in Fig. 7. Table 1 summarizes the materials and parameters of 211 

the cable’s components. 212 

The FO cable was surface-adhered along the axial direction of the tube with epoxy 213 

resin. After the glue was cured, the inclinometer tube was symmetrically placed on two 214 
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supports, and five dial gauges were installed at different positions above the pipe to 215 

record lateral displacements of the tube. The strain distributions of the cable were 216 

collected by an OSI-S OFDR interrogator with a spatial resolution of 1 mm and 217 

measurement accuracy of ±1 με. More details about the principle of OFDR can be found 218 

in these works [36–39]. The loading point was 2 m away from the left support and a 50 219 

mm wide nylon belt was used for loading. The first loading applied was 16 kg with an 220 

increment of 25 kg, up to 141 kg in the sixth stage. After each loading stage was stable, 221 

the dial gauge and OFDR readings were respectively recorded to obtain the vertical 222 

displacement of the pipe and the strain profile of the cable. 223 

 224 

3.1.2. Results and analysis 225 

Fig. 8 shows the lateral displacements of the inclinometer tube recorded by the dial 226 

gauges under each load. According to the theory of elasticity, the theoretical strain 227 

distributions of the tube were calculated from the lateral displacement measurements. 228 

On the other hand, the distributions of strain transfer coefficient were calculated using 229 

Eq. (16) by assuming perfect strain transfers at the turning point and were then used to 230 

correct the OFDR-measured strains. The calculated values of lowL  were no more than 231 

0.11 m, far less than the distances between each support and the loading point (2 m and 232 

1.82 m, respectively). The parameters of the FO cable and adhesive layer used in the 233 

strain transfer analysis are listed in Table 1. These two strain profiles were compared 234 

(Fig. 9). The results show that except for the first loading stage, the corrected FO strains 235 

agreed well with the theoretical strains. It is noted that each strain curve had a ~50 mm 236 
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wide flat section at its center, owing to the nylon belt used for loading. Despite this, 237 

there were no obvious low strain sensing sections at the turning point. Combined, this 238 

test validated the proposed model and the derived analytical solutions. Importantly, 239 

these observations supported the assumption that the strain transfer coefficient at the 240 

turning point can be set to 1 provided that the bonded FO cable is long enough (greater 241 

than 2 lowL ) and the turning point of the host strain is not in any low sensing sections. 242 

Moreover, these results highlight the advantage of distributed FO sensing in large-scale 243 

SHM and geotechnical monitoring campaigns. 244 

 245 

3.2. Three-point bending test of PVC pipe 246 

3.2.1. Test setup and procedure 247 

To further verify the established theoretical model and to seek a method for the 248 

determination of the transfer coefficient at the turning point in a low strain sensing 249 

section, an elaborate three-point bending test on a PVC pipe was carried out. A 3 m long 250 

PVC pipe with an outer diameter of 75 mm was used in the test. A G.652 double coating 251 

optical fiber manufactured by Corning Inc. was bonded on the surface of the pipe. The 252 

cable differs from the 0.9 mm tight-buffered cable in that there is no additional Hytrel 253 

jacket outside the coating. The OFDR interrogator used for FO strain acquisition was a 254 

Luna OBR 4413. The spatial resolution was 10 mm and the strain measurement 255 

accuracy was ±5 με. 256 

The test setup is shown in Fig. 10. Two FO cables AB (orange) and ab (red) were 257 

bonded in parallel on the lower surface of the PVC pipe with epoxy resin. A redundant 258 
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section was reserved at 0.1 m to the left of the loading point. The two ends of the PVC 259 

pipe were fixed by hinge supports. The pipe was deformed by hanging heavy objects in 260 

its middle part. The load from the first stage to the fourth stage was increased by 3 kg 261 

per stage, while the fifth stage and sixth stage were increased by 6 kg per stage. 262 

 263 

3.2.2. Results and analysis 264 

Strain distributions of the two FO cables obtained by the OFDR interrogator are shown 265 

in Fig. 11. The strain curves of cable AB exhibited symmetrical triangle distributions, 266 

and the position of the maximum strain point was consistent with the loading point. The 267 

strain curves of cable ab were divided into three sections—bc section, redundant section, 268 

and ac section. 269 

Comparisons of strain values between sections BC and bc and those between 270 

sections AC and ac are shown collectively in Fig. 12. Although most strains of the two 271 

cables were consistent, the deviations observed in the vicinity of point c were indicative 272 

of the existence of low strain sensing sections at the free end. According to the 273 

conclusions drawn in section 3.1 and considering that cable AB was sufficiently long, 274 

its strain values may be regarded as the true strains of the pipe. Therefore, the 275 

experimental strain transfer coefficients of section bc (or ac) can be determined by 276 

comparing its strain values to those of section BC (respectively, AC). 277 

For the theoretical strain transfer coefficients of section bc, because the strain 278 

distributions of the pipe were of the single linear gradient strain type (as indicated by 279 

the strain measurements of cable BC), they can be readily calculated using Eq. (16). A 280 
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comparison between the experimental and theoretical strain transfer coefficients under 281 

the sixth loading stage (24 kg) is shown in Fig. 13. The parameters of the FO cable and 282 

adhesive layer used in the theoretical analysis were the same as those listed in Table 1 283 

(except for the jacket). It can be seen from Fig. 13 that the two coefficient curves 284 

coincided with each other, hence validating the proposed theoretical model. 285 

For the theoretical strain transfer coefficients of section ac, because the strain 286 

distributions of the pipe were of the bilinear gradient strain type (as indicated by the 287 

strain measurements of cable AC), determining the strain transfer coefficient at the 288 

turning point (i.e., loading point) was a prerequisite. In this test, the length of the low 289 

strain sensing section ( lowL  ) of the cable was about 0.11 m according to the 290 

experimental results of cable bc, which was longer than the distance between the 291 

loading point and point c (0.1 m). Hence, the method proposed in section 2.2.2 was 292 

employed to determine the theoretical strain transfer coefficient distribution. The 293 

calculated z0 is 0.954 and a comparison between the calculated and experimental strain 294 

transfer coefficient profiles of cable ac under the sixth loading is shown in Fig. 14. 295 

Good agreement between the two curves illustrated the feasibility of the proposed 296 

method for evaluating the strain transfer performance of surface-bonded distributed FO 297 

sensors subjected to bilinear gradient strains in substrates. 298 

 299 

4. Parametric study 300 

To provide practical suggestions on the design and installation of distributed FO strain 301 

sensors, the influences of mechanical and geometric parameters of protective and 302 
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adhesive layers on the strain transfer efficiency were analyzed according to Eq. (16). 303 

The distribution of host strain was assumed to be a single linear gradient strain304 

( ) 1000 1000x x   , and the bonding length of the sensor was 1 m. The parameters of 305 

the sensor and adhesive layer used in this parametric study were consistent with those 306 

used in section 3.2.2. 307 

The influence of the shear modulus of the inner coating G1 on the strain transfer 308 

coefficient is shown in Fig. 15. With the increase of G1, the length of the low strain 309 

sensing section at both ends decreased, and the strain transfer performance of the sensor 310 

was greatly improved. Therefore, when designing strain sensing sensors, the coating 311 

materials with higher shear modulus should be selected to reduce the adverse effect of 312 

coating on the strain measurement performance of the sensor. Similarly, the effect of 313 

the shear modulus of the outer coating G2 was investigated. For G2 = 50, 600, and 1200 314 

MPa, the calculated values of the shear lag coefficient k were 31.79, 31.81, and 31.81 315 

m-1, respectively. The higher the shear modulus of the outer coating, the higher the value 316 

of k and the better the strain transfer performance were. However, its influence was far 317 

less evident compared to that of the inner coating. Specifically, the results of G2 = 600 318 

and 1200 MPa were almost the same, indicating that the protective layer and especially 319 

the outer coating can protect the glass core with a limited impact on its strain transfer 320 

performance. 321 

The effects of the shear modulus Ga and minimum thickness t of the adhesive layer 322 

were also examined. For Ga = 2.9, 29, and 290 MPa, the calculated shear lag coefficients 323 

k were 30.88, 31.79, and 31.88 m-1, respectively. Therefore, the strain transfer 324 
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performance of the FO sensor will be slightly better for a stiffer adhesive layer. The 325 

minimum thickness t was set to 20, 200, and 2000 μm; the calculated shear lag 326 

coefficients were 32.00, 31.79, and 31.47 m-1, respectively. The results indicate that a 327 

thicker adhesive layer will reduce the strain transfer performance of the sensor but the 328 

impact is also limited. Considering that the adhesive can “protect” the surface-bonded 329 

FO sensor, the thickness of the adhesive layer can be increased appropriately without 330 

significantly decreasing the sensor’s sensing performance. Similarly, in the process of 331 

designing and producing strain sensing cables, high shear modulus protective layers can 332 

be adopted and their thicknesses can be increased properly to improve the sensor’s 333 

robustness while ensuring its strain transfer performance. However, we note also that 334 

because a stiff sheath will reduce the sensor’s ability to measure maximum peak strains, 335 

the shear modulus of the sheath should be controlled within a reasonable value. 336 

 337 

5. Conclusions 338 

In this paper, the strain transfer mechanism between a surface-bonded multi-layered 339 

distributed FO sensor and a substrate structure was examined with the consideration of 340 

nonuniform strain fields in the substrate. A theoretical model was established for the 341 

analysis of host-to-fiber strain transfer due to single linear and bilinear strain gradients. 342 

In particular, a simple approach was proposed for the determination of strain transfer 343 

coefficients at the turning points of a multi-linear strain distribution. Two laboratory 344 

tests were conducted to validate the proposed method. Once the developed model was 345 

verified, a parametric study was performed to investigate the influences of host strain 346 
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distribution and mechanical and geometric characteristics of protective and adhesive 347 

layers on the sensor’s strain transfer performance. The main findings of this study are 348 

the following: 349 

 The influence of host strain distribution on the host-to-fiber strain transfer 350 

efficiency is mostly restricted to the low strain sensing sections (with length 351 

denoted by lowL ) at both ends of the bonded sensor. When the bonding length is 352 

short or the shear lag coefficient is low (large lowL  ), the effect of host strain 353 

patterns should be considered in evaluating the strain transfer quality. 354 

 For a single linear strain gradient in the substrate, the value of lowL  at the lower 355 

strain end decreases (while that at the other end increases) with an increasing 356 

gradient. 357 

 In cases of multi-linear strain gradients in the host material, when each sensor 358 

section is longer than lowL  the strain transfer coefficients of the turning points can 359 

be set to 1. For turning points falling within a low strain sensing section, their 360 

transfer coefficients can be approximated by analyzing a hypothetical host strain 361 

distribution having a gradient equivalent to that of the longer sensor section. 362 

 The parametric analyses show that the strain transfer performance of the FO sensor 363 

can be improved by employing coating materials of high shear moduli, but the 364 

effect of protective layers on the strain transfer efficiency is relatively insignificant. 365 

Therefore, while ensuring the sensor’s ability to measuring maximum peak strains, 366 

the shear moduli and radii of protective layers can be appropriately improved to 367 

allow the sensor to survive harsh environments. Moreover, to improve the 368 
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measurement accuracy, stiff adhesives are recommended, the bonding length 369 

should be longer than 2 lowL , and the sensor should be adhered close to the substrate 370 

surface.371 
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(a)                              (b) 

Fig. 1. Strain transfer mechanism in a surface-bonded multi-layered distributed FO 

sensor. (a) Cross section. (b) Stress state of a cable element.  
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Fig. 2. Schematic diagram of a single linear gradient strain.  
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Fig. 3. Influence of bonding length and strain gradient on the strain transfer coefficient. 
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Fig. 4. Schematic diagram of a bilinear gradient strain.  
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Fig. 5. Analytical distributions of strain transfer coefficient subjected to a bilinear host 

strain.  
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Fig. 6. Structure of a 0.9 mm diameter tight-buffered FO strain sensing cable. 
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Fig. 7. Schematic of three-point bending test of inclinometer tube. 
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Fig. 8. Lateral displacements of inclinometer tube recorded by dial gauges. 
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Fig. 9. Comparison of experimental (FO) and theoretical strain distributions along 

inclinometer tube. The FO strains were corrected according to calculated strain transfer 

coefficients.  
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Fig. 10. Schematic of three-point bending test of PVC pipe.  
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Fig. 11. Strain distributions acquired by FO cables under each load. 
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Fig. 12. Comparison of strain distributions between cables AB and ab. 
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Fig. 13. Comparison between experimental and theoretical strain transfer coefficient 

distributions for cable bc.  
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Fig. 14. Comparison between experimental and theoretical strain transfer coefficient 

distributions for cable ac.  
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Fig. 15. Influence of shear modulus of inner coating on the strain transfer efficiency of 

FO sensor.  
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Table 1. Component materials and parameters of FO cable and adhesive layer used 

for strain transfer coefficient calculation (after refs. [17, 18, 32–35]). 

Layer Materials Parameter Symbol Value Unit 

Fiber core Silica 

Radius rc 62.5 μm 

Young’s modulus Ec 72 GPa 

Inner coating Soft Acrylate 

Radius r1 95 μm 

Shear modulus G1 0.12 MPa 

Outer coating Stiff Acrylate 

Radius r2 125 μm 

Shear modulus G2 50 MPa 

Jacket Hytrel 

Radius r3 900 μm 

Shear modulus G3 500 MPa 

Adhesive Epoxy resin 

Minimum thickness t 200 μm 

Shear modulus Ga 29 MPa 

 

 


