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Abstract 38 

Flexible barriers, as an effective protective measure to mitigate landslide hazards, have 39 

attracted a lot of interest from the geotechnical community. The dynamic response of flexible 40 

barriers subjected to impact loads is of great concern. However, the forces developed on ring-41 

net barriers during impacts have not been effectively measured and the dynamic behavior of 42 

barriers has not been fully understood. In this study, new mini tension link transducers based 43 

on fiber Bragg grating (FBG) sensing technology are uniquely developed to both link adjacent 44 

rings of a flexible barrier and measure the forces between rings. Besides, a novel monitoring 45 

system based on the new FBG mini tension link transducers is established for detecting 46 

dynamic response of a flexible barrier under impact loads. Calibration results of the FBG mini 47 

tension link transducers demonstrate that the wavelength shift of the FBG sensor has a linear 48 

relationship with the applied force with high accuracy. A single boulder impact test and a debris 49 

flow impact test were conducted to investigate the performance of the FBG-based system. The 50 

results reveal that the FBG mini tension link transducers are capable of capturing the evolution 51 

of the forces between rings of the flexible barrier, and the FBG-based system can be used for 52 

monitoring the dynamic response of the flexible barrier under impact loads. 53 

 54 

Keywords: FBG; Tension link; Dynamic response; Flexible barrier; Boulder; Debris flow; 55 

Impact 56 

  57 
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1. Introduction 58 

Landslides, such as rockfalls, rock avalanches, gravel flows, debris flows, and debris 59 

avalanches [1], are one of the most common geological hazards, which caused severe damages 60 

to structures and even a number of fatalities [2,3]. Over the last few decades, the awareness of 61 

the demand for mitigation of landslides has greatly increased, and a variety of landslide 62 

mitigation measures (e.g. concrete check dams, retaining walls, ground anchors, etc.) and 63 

monitoring systems have been investigated [4-10]. In recent years, flexible barriers have 64 

attracted a lot of interest from the geotechnical community and are widely regarded as an 65 

effective protective measure to mitigate landslide hazards by arresting the falling rocks and 66 

debris [11-13].  67 

 68 

A flexible barrier system is typically composed of a ring-net barrier, supporting ropes, energy 69 

dissipating devices, steel posts, and retaining cables. By comparison with conventional 70 

concrete retaining structures, flexible barriers have the advantages of cost-effective design, 71 

ability of permeability, slight site disturbance, and easy construction on natural terrain. 72 

Moreover, the large deformation of flexible barriers prolongs the duration of impact process 73 

and reduces the maximum impact forces exerted on the barriers [14]. The performance of 74 

flexible barriers subjected to impact loads has been investigated by full-scale impact tests [15-75 

17] and physical model impact tests [18-20]. However, in most studies, the impact behavior of 76 

flexible barriers was merely evaluated based on the measured forces developed in support ropes 77 

and/or retaining cables by load cells. In fact, in comparison to those supporting components, 78 

the ring-net barrier, which absorbs the majority of impact energy due to its large deformation, 79 
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is the foremost component of a flexible barrier system. However, the forces developed on ring-80 

net barriers during impacts have not been effectively measured and the dynamic behavior of 81 

barriers has not been fully understood in the literature. Hence, an effective approach to force 82 

measurement of ring-net barriers is required, thereby helping deeply understand the impact 83 

behavior of flexible barriers. 84 

 85 

In the past decade, fiber Bragg grating (FBG), as a popular fiber optic sensing (FOS) 86 

technology, has been effectively employed in in-situ monitoring [9,21-25] and early warning 87 

of landslides [26,27] owing to its superiority in small size, high accuracy and resolution, good 88 

reliability, immunity to electromagnetic interference (EMI), and capacity of multiplexing [28-89 

32]. Besides, the application of FBG sensing technology has also been extended to monitoring 90 

the dynamic behavior of supporting components of a flexible barrier system. Huang et al. [33] 91 

designed FBG tension sensors to record the dynamic forces on anchor ropes during the full-92 

scale impact test of rockfall protection barriers for investigating the impact behavior of the 93 

barriers. Guo et al. [34] presented a sensing detection system based on FBG sensing technology 94 

for rockfall protective barriers. By making use of this sensing detection system, the dynamic 95 

force response of steel strands and the strain response of supporting I-beams were captured to 96 

study and evaluate the performance of the protective barrier upon rockfall impact.  97 

 98 

In this study, we explore the potential applications of FBG sensing technology in dynamic 99 

monitoring of a flexible barrier against landslide hazards. As mentioned, there is a demand for 100 

an effective approach to force measurement of ring-net barriers. In this connection, new FBG 101 
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mini tension link transducers are uniquely designed and developed to both link adjacent rings 102 

of a flexible barrier and measure the forces between rings by means of a sensing bar with U-103 

sharped openings at two ends. Moreover, to further detect the dynamic response of an entire 104 

flexible barrier under impact loads, a novel monitoring system based on the developed FBG 105 

mini tension link transducers is established. The performance of the FBG-based monitoring 106 

system during dynamic impacts has been investigated through the single boulder impact test 107 

and the debris flow impact test. This novel monitoring approach helps to capture the evolution 108 

of the forces between rings of the flexible barrier and the force distribution on the flexible 109 

barrier under impact loads, to evaluate the performance of a flexible barrier during the impact 110 

of a rockfall or a debris flow, and to deeply understand the interaction mechanism between the 111 

impact material and barrier. 112 

 113 

2. Development of the new FBG mini tension link transducers 114 

2.1. Principle of FBG sensing technology 115 

The first FBG sensor was fabricated by Hill et al. [35] based on their discovery of the 116 

photosensitivity phenomenon in Ge-doped core optical fibers. The Bragg grating can be photo-117 

inscribed into a segment of Ge-doped single-mode silica fiber by exposing the fiber core to a 118 

spatial pattern of intense ultraviolet (UV) light, and a periodic modulation of the core refractive 119 

index is accordingly formed in the fiber [36,37]. In accordance with Bragg’s law, when light 120 

from a spectrally broadband source is injected into the FBG sensor, a narrow spectral 121 

component at the Bragg wavelength is reflected by the grating, as shown in Fig. 1. The reflected 122 
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Bragg wavelength ( B ) is determined by both the effective core refractive index of the fiber 123 

( en ) and the grating period ( ), and the relationship is expressed as follows [38]: 124 

 2B en     (1) 125 

 126 

The Bragg wavelength is affected by strain and temperature. A change in strain causes both the 127 

change in the grating period due to physical elongation of the fiber and the change in fiber 128 

refractive index due to photo-elastic effect, and a variation in temperature produces both the 129 

thermal expansion of the fiber and the change in fiber refractive index due to thermo-optic 130 

effect [38]. For a single mode silica fiber, the Bragg wavelength shift ( B ) induced by the 131 

strain change (  ) and temperature variation ( T ) is given by [38,39]: 132 

    
0
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B
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            (2) 133 

where 0B  is the Bragg wavelength at initial state; ep  is the effective photo-elastic 134 

coefficient;   is the thermal expansion coefficient of the fiber material;   is the thermo-135 

optic coefficient; c  and Tc  represent the coefficients of strain and temperature with the 136 

typical values of 0.78 and 
66.67 10 / C  , respectively. It is noted that temperature 137 

compensation can be achieved by placing an additional FBG sensor, free of any mechanical 138 

strain, to the same temperature field. With the temperature variation ( T ) obtained by the 139 

additional FBG sensor, the strain change (  ) can be calculated using the following equation: 140 
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2.2. Design of the FBG mini tension link transducers 143 

The specially designed FBG mini tension link transducers are utilized as connectors to both 144 

link adjacent rings of a flexible barrier and measure the forces between rings within a certain 145 

area of a flexible barrier, and thus the dynamic response of ring-net barriers during impact can 146 

be easily recorded and analyzed. Fig. 2(a) depicts the schematic diagram of the designed FBG 147 

mini tension link transducers. The sensing element is a sensing bar (40 mm long, 20 mm wide, 148 

and 10 mm thick) with two U-shaped openings at both ends for rings connection. An FBG 149 

sensor was bonded on the surface of the sensing bar by epoxy adhesive. In view of multiplexing, 150 

the FBG sensor has two FC/APC connectors at both ends that can be employed for a series 151 

connection. Finally, the sensing bar was encapsulated by a metal tube for protection, as shown 152 

in Fig. 2(b).  153 

 154 

According to Hooke’s law, when a tensile force ( tF ) is exerted on an FBG mini tension link 155 

transducer, the axial strain ( ) generated on the surface of the sensing bar is determined by: 156 

 t=
F

EA
   (4) 157 

where E  is the elastic modulus of the sensing bar material and A  is the cross-sectional area 158 

of the sensing bar. Combining Eqs. (3) and (4), the relationship between the applied tensile 159 

force and Bragg wavelength shift is expressed as: 160 
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B
t T

B
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F EA c T
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  (5) 161 

 162 

In this study, the sensing elements of the FBG mini tension link transducers were made of 316 163 
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stainless steel (elastic modulus 196 E GPa  and yield strain =1050 y  ). According to Eq. 164 

(4), the allowable bearing capacity of the designed FBG mini tension link transducer is 165 

calculated to be 20 kN based on the mechanical properties of 316 stainless steel and dimensions 166 

of the sensing bar (as shown in Fig. 2(a)). 167 

 168 

2.3. Calibration of the FBG mini tension link transducers 169 

2.3.1. Test setup and procedure 170 

Tensile tests for calibration of the FBG mini tension link transducers were conducted 171 

successively on the universal testing machine (UTM) in Concrete Technology Laboratory of 172 

The Hong Kong Polytechnic University, as presented in Fig. 3(a). The UTM controlled the 173 

applied forces which changed from 0 to 20 kN at 4 kN increments, and a load cell with a 174 

capacity of 50 kN was used to record the applied forces. Each FBG mini tension link transducer 175 

was tested with two loading-unloading cycles to examine the repeatability. The load cell was 176 

connected to a data acquisition device (model NI PXIe-4331, National Instruments), and the 177 

FBG mini tension link transducers were interrogated by an optical sensing interrogator (model 178 

si255, Micron Optics). It is noted that the calibration tests were performed at a constant 179 

temperature of 20 C . Therefore, the temperature-induced wavelength shift can be neglected, 180 

and thus Eq. (5) can be simplified as: 181 

 
0

t B

B

EA
F

c



     (6) 182 

 183 
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2.3.2. Test results and discussion 184 

The calibration results of three FBG mini tension link transducers (FBG-TL 1/2/3) with the 185 

corresponding initial wavelength of 1525.658 nm, 1540.653 nm, and 1555.651 nm are 186 

discussed here. Fig. 3(b) plots the calibration results of the FBG mini tension link transducers 187 

(FBG-TL 1/2/3) respectively. The figure demonstrates a good repeatability of the designed 188 

FBG mini tension link transducers and a linearity of the shift in Bragg wavelength and applied 189 

force which agrees well with the theoretical analysis exhibited by Eq. (6). Linear transfer 190 

functions with good coefficient of determination (COD) values (greater than 0.999) are 191 

provided by adopting the least-squares method. The sensitivity ( tB F  ) of each FBG mini 192 

tension link transducer can be obtained from the linear transfer function. The coefficient for 193 

converting the wavelength shift into force can be accordingly determined by the reciprocal of 194 

sensitivity, and the corresponding theoretical value can be calculated based on Eq. (6). The 195 

coefficients determined by calibration results and theoretical calculations are compared and 196 

summarized in Table 1. It is found that for each FBG mini tension link transducer, the 197 

coefficient obtained from calibration results is in good accordance with the theoretical value 198 

with a relative error of less than 5%. For calibration results of the other FBG mini tension link 199 

transducers, the relative error is also within 5%. When the FBG sensors are interrogated by the 200 

optical sensing interrogator (model si255, Micron Optics) which has a wavelength resolution 201 

of 1 pm (i.e. 0.001 nm), the force resolution of the designed FBG mini tension link transducers 202 

is 0.03 kN.  203 

 204 
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3. Application of the new FBG mini tension link transducers in impact tests 205 

In this study, a large-scale physical model was designed for the impact tests and constructed in 206 

Road Research Laboratory of The Hong Kong Polytechnic University. A single boulder impact 207 

test and a debris flow impact test were performed in this large-scale physical model. The 208 

novelty of the impact tests lies in the adoption of the newly developed FBG mini tension link 209 

transducers on ring-net barrier. This is the first attempt to measure the forces between rings 210 

and monitor the dynamic response of the entire barrier during the impact tests. This work sets 211 

the foundation for studying the impact behavior of a flexible barrier against landslide hazards. 212 

 213 

3.1. Large-scale physical model 214 

The large-scale physical model contains three main components: a storage container, a chute, 215 

and a flexible barrier system, as shown in Fig. 4(a). The storage container with a volume 216 

capacity of 5 m3 was mounted above the chute at the height of 3.6 m. This container is of an 217 

inclined base that can contribute to motivating the movement of test materials and a flip-up 218 

trapdoor with an elaborately designed operation system that can achieve a quick release of the 219 

test materials. The chute has a width of 1.5 m, a length of 6.8 m, and an inclination angle of 220 

35°. Tempered glass is used as transparent sidewalls to form a channelized chute and provide 221 

a clear viewing perspective on the motion of test materials. The flexible barrier system is 222 

located at the bottom of the chute. As shown in Fig. 4(b), it consists of a prototype flexible 223 

ring-net barrier (ring-net type ROCCO®7/3/300, GEOBRUGG Ltd.), support ropes, a pair of 224 

steel posts, and retaining cables. The steel posts, perpendicular to the chute, are hinged to the 225 
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foundation and connected with the retaining cables at their upper ends. The support ropes are 226 

suspended by the steel posts to form a frame for a ring-net barrier. In the debris flow impact 227 

test, a second layer of a chain-link mesh with smaller mesh size was utilized to prevent high 228 

discharge of finer materials.  229 

 230 

3.2. Instrumentation 231 

Two different barrier configurations were employed in the single boulder impact test and the 232 

debris flow impact test respectively, as illustrated in Fig. 5. In the single boulder impact test, a 233 

2.48 m wide and 1.48 m high barrier was adopted and equipped with ten FBG mini tension link 234 

transducers. In the debris flow impact test, a 2.48 m wide and 0.915 m high barrier was utilized 235 

to ensure the overflow of debris flow and equipped with twelve FBG mini tension link 236 

transducers. Besides, an additional FBG mini tension link transducer was placed close to the 237 

barrier and isolated from any mechanical strain for temperature compensation. The FBG mini 238 

tension link transducers were interrogated by an optical sensing interrogator (model si255, 239 

Micron Optics) capable of recording at 1 kHz and measuring simultaneously on 16 parallel 240 

channels. The si255 was connected to a computer utilizing ENLIGHT (sensing analysis 241 

software, Micron Optics) for display and data storage. In both impact tests, the frequency of 242 

data acquisition was set at 1 kHz. Two high-speed cameras (model MacroVis EoSens, 243 

HSVISION GmbH) with a resolution of 1696 × 1710 pixels at 523 frames per second (fps) 244 

were settled in front and side of the flexible barrier system respectively and directed at the 245 

location of barrier to capture the interaction between the impact mass and flexible barrier 246 

during the impact process.  247 
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 248 

3.3. Test materials and procedures 249 

A spherical boulder with a diameter of 600 mm and a density of 2650 kg/m3 was used in the 250 

single boulder impact test. In the debris flow impact test, the debris flow material comprised 251 

Completely Decomposed Granite (CDG), gravel, and water, which were stirred up into a 252 

saturated and homogeneous mixture with a total volume of 2.62 m3 and water content of 24.5% 253 

(percentage of mass). The gravels range in size from 20 to 30 mm. In both tests, the materials 254 

were quickly released from the storage container by flipping up the trapdoor within 0.5 s, and 255 

then the materials moved along the chute until impacting the barrier. Figure 6 shows the 256 

experimental process. The data from the FBG mini tension link transducers was recorded 257 

before the release of materials to acquire the initial values and the high-speed cameras were 258 

triggered at the moment of materials releasing to capture the motion of materials and the impact 259 

process. 260 

 261 

4. Test results and discussions 262 

Typical video recordings (front and side views) from the high-speed cameras are shown in Fig. 263 

7 for the two tests. Different impact characteristics of the single boulder and debris flow were 264 

identified from the impact tests. The single boulder produced a transient impact with a 265 

concentrated load and resulted in a large deformation of the barrier due to its high kinetic 266 

energy. By contrast, debris flow created continuous impacts accompanied with the deposition 267 

of the debris, and the impact loads generated by debris flow were complicated owing to the 268 
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rheology of the mixture. Based on the test data collected by the FBG mini tension link 269 

transducers in the single boulder impact test and the debris flow impact test, the dynamic 270 

response of the flexible barrier, including the forces developed between rings and the force 271 

distribution in the measurement area of the barrier, was analyzed for both tests. 272 

 273 

4.1. Forces between the rings of barriers 274 

Time histories of the measured forces between rings of the flexible barrier for the single boulder 275 

impact test and the debris flow impact test are presented in Figs. 8 and 9, respectively. In Fig. 276 

8, the initial time ( 0 t s ) indicates the moment of the first contact between the spherical 277 

boulder and ring-net barrier. It is observed that forces were first detected in the bottom FBG 278 

mini tension link transducers (FBG-TL 5/6), and then captured by the upper FBG mini tension 279 

link transducers successively. With the forward movement of the spherical boulder, the 280 

deformation of the barrier and the forces between rings increased dramatically within 0.14 s. 281 

The maximum force measured by each FBG mini tension link transducer is provided in the 282 

figure. It is found that at the same height, the maximum force measured by the FBG mini 283 

tension link transducer in the right half of barrier (FBG-TL 1/2/3/4/5) is larger, which results 284 

from that the impact location of the spherical boulder was not exactly in the center of the barrier. 285 

After reaching the maximum deformation of the barrier, the spherical boulder was bounced off, 286 

and thus the measured forces approximately decreased to 0 kN. The spherical boulder impacted 287 

the barrier again with a lower level of kinetic energy at 0.93 s and was eventually trapped by 288 

the barrier.  289 

 290 
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In Fig. 9, the initial time ( 0 t s ) means the moment when the first flow front reached the 291 

location of barrier. In the first 3.5 s, the great majority of debris flow passed from the basal 292 

opening between the chute base and the barrier due to the insufficient flow height. Hence, the 293 

measured forces between the rings were very small and slightly fluctuant in this period. With 294 

the growth of flow height, the debris flow impacted the barrier and the debris gradually 295 

deposited behind the barrier. The forces were detected in the FBG mini tension link transducers 296 

successively (from the bottom up), which is similar to the observation in the single boulder 297 

impact test. Upon impact, the measured forces rapidly rose to peak values that are shown in the 298 

figure. It is found that the maximum forces in the central area of barrier (FBG-TL 1-8) are 299 

larger than those in the side area (FBG-TL 9-12). After the peak values, all the forces exhibited 300 

a sudden drop that may be attributed to the deformation recovery of the rotatable steel posts, 301 

and then experienced a rapid increase until a static state was reached.  302 

 303 

It is found that the time histories of the forces between rings obtained by the designed FBG 304 

mini tension link transducers in this single boulder impact test show the same trend with the 305 

force time histories of anchorages acquired by conventional load cells [16] and the force time 306 

histories of steel strands provided by FBG force transducers [34], and the evolution of the 307 

forces between rings acquired by the designed FBG mini tension link transducers in this debris 308 

flow impact test have a consistent trend with those of support rope forces obtained by 309 

conventional load cells in the full-scale impact tests [14,15] and the centrifuge model impact 310 

tests [20]. It proves that the FBG mini tension link transducers can be utilized for effectively 311 

measuring the dynamic forces between rings of the ring-net barrier. Moreover, measurement 312 
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of forces between rings can provide valuable information on loading assessment of the barrier, 313 

such as the location of maximum force, which greatly helps in design and maintenance of the 314 

barrier. 315 

 316 

4.2. Force distribution in the barriers 317 

Figures 10 and 11 depict the force distribution in the measurement area of the barrier at typical 318 

time points (indicated in Figs. 8 and 9) for the single boulder impact test and the debris flow 319 

impact test, respectively. The axes of horizontal position and height refer to the x and y axes 320 

as illustrated in Fig. 5. It can be seen that during the single boulder impact, the largest force 321 

successively occurred in the bottom (0.048 s), middle (0.099 s) and top (0.139 s) of the 322 

monitoring area of the barrier. With the forward and upward movement of the spherical boulder, 323 

the upper part of the barrier experienced lager force. After the impact (0.188 s), the top 324 

monitoring area of the barrier still sustained larger force than the rest until the spherical boulder 325 

was entirely detached from the barrier. Since the impact load of the spherical boulder can be 326 

typically simplified as a concentrated force, the force distribution of the barrier is relatively 327 

vertically symmetrical. 328 

 329 

As for the force distribution of the barrier upon debris flow impact, it is observed that the 330 

bottom of the barrier experienced larger force at 3.735 s due to the impact of small debris surges 331 

and the debris deposition. With the growth of flow height, a large debris surge was generated 332 

and impacted on the center-right area of the barrier (observed in video recordings), which 333 

resulted in the dramatic increase of forces in this area (3.815 s). However, the impact of the 334 
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larger debris surge had less influence on the bottom and side of the barrier. It is revealed that 335 

the impact area loads from debris flow are complicated and non-uniform, and the impact area 336 

and location have significant effects on the dynamic force response of flexible barriers. During 337 

the period of posts deformation recovery (3.980 s), the forces on the barrier were deceased to 338 

smaller values. After a static state was reached (5.300 s), the forces on the barrier were constant 339 

and induced by the deposited debris only.  340 

 341 

By making use of the newly developed FBG mini tension link transducers, the force 342 

distribution on flexible barrier under impact loads was obtained for the first time. It is favorable 343 

for evaluating the performance of a ring-net barrier during dynamic impacts, estimating the 344 

impact force imposed on a flexible barrier, and understanding the impact mechanism of 345 

boulders or complicated geophysical flows on a flexible barrier.  346 

 347 

5. Summary and conclusions 348 

In this study, the design, calibration and application of the FBG mini tension link transducers 349 

for measuring the forces between rings of the flexible barrier have been presented. The working 350 

principle of FBG sensing technology is introduced. The calibration tests of the FBG mini 351 

tension link transducers were performed on the universal testing machine in laboratory. 352 

Moreover, the FBG mini tension link transducers were applied to the large-scale physical 353 

model impact tests for investigating the dynamic response of the flexible barrier under impact 354 

loads. A single boulder impact test and a debris flow impact test were carried out. The summary 355 

and conclusions are listed as follows: 356 
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(a) Calibration results demonstrate that the relationship between the wavelength shift of the 357 

FBG mini tension link transducers and the applied force exhibits good linearity with high 358 

accuracy. The calibration coefficients are in good accordance with the theoretical values 359 

with a relative error of less than 5%.  360 

(b) The force resolution of 0.03 kN can be obtained when the FBG mini tension link 361 

transducers are interrogated by an optical sensing interrogator with a 1 pm wavelength 362 

resolution. 363 

(c) By comparison with previous studies, it is verified that the FBG mini tension link 364 

transducers have a good performance and reliability to capture the evolution of the forces 365 

between rings of the flexible barrier. The measurement of forces between rings can provide 366 

valuable information for loading assessment of the barrier, such as the location of 367 

maximum force, which greatly helps in design and maintenance of the barrier. 368 

(d) Based on the force measurements by the FBG mini tension link transducers, the force 369 

distribution with height and horizontal position of the flexible barrier can be obtained, 370 

which is conducive to deeply understanding the interaction mechanism between impact 371 

materials and barriers.  372 

Hence, the work presented in this study is significant and meaningful. It is worth applying the 373 

newly developed FBG mini tension link transducers to field monitoring and model tests in the 374 

future. 375 
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Fig. 1. Principle of FBG sensing technology 
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Fig. 2. Design of an FBG mini tension link transducer: (a) schematic diagram (all dimensions in mm) 

and (b) photograph 

 

  

Top view

2
0

1
0

FBG

Sensing bar

Front view
2

0

1
0

102

40

Sensing bar

FBG

Metal tube
FC/APC 

connectors



 

 

 

 

(a) 

    (b) 

Fig. 3. Calibration of the FBG mini tension link transducers: (a) test setup and (b) test results 
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Fig. 4. Panorama of (a) the large-scale physical model for testing a flexible barrier under impact of a 

single boulder or debris flow and (b) the flexible barrier system.  
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Fig. 5. Arrangement of FBG mini tension link transducers in a flexible barrier: (a) the single boulder 

impact test and (b) the debris flow impact test 
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Fig. 6. Experimental process: (a) before test, (b) door flipping up, and (c) material releasing 
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Fig. 7. Typical video recordings for: (a) the single boulder impact test and (b) the debris flow impact 

test  
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Fig. 8. Time histories of the measured forces ( tF ) between rings of the flexible barrier for the single 

boulder impact test 
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Fig. 9. Time histories of the measured forces ( tF ) between rings of the flexible barrier for the debris 

flow impact test 
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Fig. 10. Distribution of the forces between rings of the flexible barrier for the single boulder impact 

test 
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Fig. 11. Distribution of the forces between rings of the flexible barrier for the debris flow impact test  



Table 1 Comparison of the coefficients obtained from calibration results and theoretical 

calculations for the FBG mini tension link transducers (FBG-TL 1/2/3) 

 
Wavelength 

0B (nm) 

Coefficient 

FC (kN/nm) Relative error 

RE (%) 
Calibration results Theoretical calculations 

FBG-TL 1 1525.658 34.01 32.94 3.25 

FBG-TL 2 1540.653 33.67 32.62 3.22 

FBG-TL 3 1555.651 33.33 32.31 3.16 
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