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ABSTRACT: 39 

Flexible barriers have been widely applied in rockfall mitigation in recent years. However, the 40 

behavior of flexible barriers under the impact of boulders is still not fully understood. To 41 

investigate the interaction between a flexible barrier and a falling boulder, a large-scale physical 42 

modelling device has been constructed at a site in Hong Kong. Using this device, large-scale 43 

impact tests using boulders with different diameters were conducted. Test results are presented 44 

and analyzed in this paper. The motion of the boulder during impact is traced and analyzed. The 45 

impact forces on the flexible ring net and the supporting structures are measured and compared. 46 

From the comparison, the Impact Reduction Rates (IRR) of boulders with different diameters 47 

are calculated. Moreover, a simple approach for estimating the impact loading of a boulder on 48 

a flexible barrier is proposed in this study. This approach is calibrated and verified using 49 

measured impact forces in the tests.  50 

 51 

Keywords: Flexible barrier; Impact loading; Simple approach; Rockfall; Large-scale physical 52 

model  53 

54 
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1. INTRODUCTION 55 

Rockfall is one of the most common natural hazards in mountainous areas with the features of 56 

high frequency and unpredictability (Labiouse et al. 1996; Matsukura 2001; Wang and Cavers, 57 

2008; Su et al. 2017a; Su et al. 2017b; Mavrouli et al. 2017). Without suitable mitigation 58 

measures, falling boulders can cause disastrous damage to human habitats (Volkwein et al. 2011; 59 

Spadari et al. 2012). Protective systems such as flexible barriers and concrete dams are installed 60 

in high-risk areas to prevent damage from rockfalls. Compared with traditional concrete dams, 61 

flexible barriers have some obvious advantages: low-cost, easy-installation, and good 62 

replaceability of components (Ashwood and Hungr, 2016). In the Swiss and Europe guidelines 63 

(Buzzi et al. 2015; Volkwein et al. 2005), the kinetic energy of the falling boulder is used to 64 

determine the retention capacity of the flexible barrier. Usually, the kinetic energy of a boulder 65 

is obtained from the mass and the falling speed of the boulder at the location where the 66 

mitigation system is to be installed (Chau et al. 2002; Volkwein et al. 2009). However, kinetic 67 

energy is not a reliable criterion in the design of a flexible barrier in rockfall mitigation, because, 68 

for example, the bullet effect of high-speed boulders is ignored in kinetic energy criterion 69 

(Spadari et al. 2012; Hambleton et al. 2013; Buzz et al. 2015; Volkwein et al. 2005). Thus, 70 

impact loading could be an alternative standard in the design of flexible barriers. 71 

 72 

Large-scale physical modeling tests are preferred by many researchers in the study of a flexible 73 

barrier interacting with a boulder (Hearn et al. 1995; Peila et al. 1998 Volkwein et al. 2009). 74 

Hearn et al. (1995) conducted several prototype tests to evaluate the performances of different 75 

types of flexible barriers subjected to impacts from boulders falling from a natural slope. Peila 76 

et al. (1998) carried out full-scale tests on rockfall restraining nets in a specially designed test 77 

site to investigate the performance of testing barriers with the assistance of cameras. Volkwein 78 

et al. (2009) studied the performances of flexible barriers subjected to extreme loads by 79 
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conducting field tests. Nevertheless, an optimized monitoring system of large-scale tests is 80 

required to collect comprehensive data (Gottardi and Govoni 2010). 81 

 82 

Estimation of the maximum impact loading from the falling boulder is important for the design 83 

of protection systems (Yu et al. 2016). Several theoretical models have been proposed to 84 

calculate the impact force on rigid barriers (Kawahara and Muro, 2006; Zhang et al. 2018). 85 

However, those models are not suitable for flexible barriers, as the behavior of flexible barriers 86 

subjects to impact consists of both moving (sliding and rotating) and stretching of the rings 87 

(Nicot et al. 2001), which is too complicated to be predicted by theoretical models. Thus, 88 

empirical approaches were proposed based on kinetic energy dissipation (Wartmann and 89 

Salzmann 2002; Wendeler et al. 2006) or work-energy principle (Peila et al. 1998). Basic 90 

parameters of the impact mass and empirical coefficients are integrated into those empirical 91 

approaches. 92 

 93 

This paper aims to study the dynamic interaction between a spherical boulder and a flexible 94 

barrier. Data from dynamic transducers and photographs by high-speed cameras in the tests are 95 

obtained and analyzed. A simple approach based on the work-energy theorem is proposed 96 

considering characteristics of the boulder and the flexible barrier. This approach is calibrated 97 

and verified by the results of the large-scale tests. 98 

 99 

2. EXPERIMENTAL SETUP AND TEST PROCEDURES  100 

2.1 Experimental instrumentation description 101 

A large-scale test device was constructed in the Road Research Lab of The Hong Kong 102 

Polytechnic University with a length of 9.5 m, a width of 2 m, and a height of 8.3 m. The view 103 

of the experimental setup is illustrated in Fig. 1. This facility contains 4 main components: (i) 104 
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a tank with the capacity of 5 m3, (ii) a quick flip-up door, (iii) a flexible barrier with supporting 105 

structures, and (iv) a flume connecting the tank and the flexible barrier. This flume has a channel 106 

width of 1.5 m, a length of 7 m and a designed inclination of 35º. Side walls of the flume are 107 

made up of tempered glass to provide a clear observation of the falling boulder and its 108 

interaction with the flexible barrier. The prototype flexible barrier has a width of 2.48 m and 109 

consists of steel rings with a diameter of 300 mm (No. ROCCO 7/3/300, Geobrugg), which are 110 

commonly used in rockfall mitigation in Europe and Hong Kong.  111 

 112 

2.2 Instrumentation 113 

To monitor the performance of a flexible protection system under the impact of a boulder, a 114 

well-arranged high-frequency monitoring system was established. Two types of transducers 115 

were installed on the flexible protection system: mini tension link transducers on the flexible 116 

ring net and high capacity tension link transducers on the supporting cables. Ten mini 117 

transducers were installed on the flexible ring net to measure the impact loading directly on the 118 

barrier. Those mini tension link transducers were self-designed and calibrated with a maximum 119 

loading of 20 kN. The central area of the ring net was separated from surrounding rings and 120 

reconnected to the ring net by mini tension link transducers. The arrangement of the transducers 121 

is plotted in Fig. 2. On the other hand, high capacity tension link transducers with the type name 122 

CFBLBH and the certified capacity of 50 kN were installed on the supporting cables to measure 123 

tensile forces on the supporting structures (see Fig. 1(c)). A data-logger with the model name 124 

of NI PXIe-1082 (National Instruments) and the capability of recording 48 transducers at 1000 125 

Hz was used to record dynamic signals of all the transducers. Two high-speed cameras capable 126 

of taking photographs at a resolution of 1024 ×768 pixels and a sampling rate of 1000 frames 127 

per second were installed to capture the boulder motion and the impact process. The 128 

arrangement of the high-speed cameras is plotted in Fig. 1(b). 129 
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 130 

2.3 Test procedures 131 

Two tests using spherical boulders with the diameters of 400 mm (Test 1) and 600 mm (Test 2) 132 

were conducted. In each test, the spherical boulder was released from the upper tank, 133 

accelerated along the flume, and finally trapped by the flexible barrier. The tank is 4 m higher 134 

than the bottom cable of the flexible barrier. Basic parameters of the two testing spherical 135 

boulders are listed in Table 1. The signals of all the transducers were recorded before the test to 136 

obtain initial values. Starting time of the impact has been readjusted to 0 s in all plotted data 137 

and selected video frames, and the negative value of time represents the moment before the 138 

impact. High-speed cameras were triggered at the instant before the impact to capture the 139 

impact process in detail.  140 

 141 

3. EXPERIMENT RESULTS AND ANALYSIS  142 

3.1 Experiment results of Test 1 (boulder diameter of 400 mm) 143 

Forces of all the mini tension link transducers in Test 1 are plotted in Fig. 3(a). Two obvious 144 

impacts are observed, and the largest impact loading appears in the first impact. Besides, 145 

compression forces occurred in some transducers (e.g. Transducers 6, 8 and 9) during and after 146 

impact. Based on the photographs taken by the high-speed cameras, the compression forces 147 

result from the swing and torsion of the ring net during and after the impact. The tensile force 148 

peaks in all transducers are plotted in Fig. 3(b). The loading peaks range from 1.93 kN 149 

(Transducer 4) to 12.4 kN (Transducer 9). The signal of Transducer 10 combined with typical 150 

photographs at different times is plotted in Fig. 4 to explore the relationship between the impact 151 

process and force change on the barrier in Test 1. To clarify the interaction between the flexible 152 

barrier and the impacting boulder, we use white dotted lines to profile the outline of the flexible 153 

barrier at different moments and use red circles to represent the impacting boulder at different 154 
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moments. It can be found from the figure that the largest deformation of the barrier, as well as 155 

the largest tensile force on the transducer appears at t=0.124 s. After that, the boulder is bounced 156 

back due to the recovery of the elastic deformation of the ring net, which causes the second 157 

impact at t=1.398 s. The peak value of the second impact is only 3/5 of the first impact. The 158 

double-impact phenomenon was also observed in full-scale tests presented by Gottardi and 159 

Govoni (2009), which indicates that the large deformation of the flexible barrier can recover 160 

well after impact, and the kinetic energy of the impact boulder can partly transform into the 161 

elastic energy of the barrier. From the continuous photographs by the high-speed camera, the 162 

motion trail and the velocity of the boulder and its interaction with the flexible barrier during 163 

the impact are plotted in Fig. 5. It can be observed that the boulder moves down and decelerates 164 

during the impact and reaches the maximum displacement of 0.877 m. After that, it is bounced 165 

back and accelerated again by the deformation recovery of the flexible barrier.  166 

 167 

3.2 Experiment results of Test 2 (boulder diameter of 600 mm) 168 

Forces on all the mini tension link transducers installed on the ring net in Test 2 are plotted in 169 

Fig. 6(a). Compression forces are also recorded by some transducers in this test (e.g. 170 

Transducers 5, 6, 9 and 10). Interestingly, triple impact peaks are obviously observed in some 171 

transducers (Transducers 1, 2, 5, 10). Peak loadings of all the mini transducers are plotted in 172 

Fig. 6(b). The signal of Transducer 10 combined with typical frames at different times is plotted 173 

in Fig. 7 to explore the relationship between the impact process and force change on the barrier 174 

in Test 2. It can be observed that the boulder was bounced up twice by the recovery of the elastic 175 

deformation of the flexible ring net to further reduce the impact force on the flexible barrier. 176 

Three impacts occurred at the times of 0.074 s, 1.490 s and 2.554 s, respectively. It can be 177 

concluded that the flexible barrier can decompose a large impact into multiple smaller impacts 178 

by its large elastic deformation capacity, and more impact peaks can be observed when the 179 
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barrier is impacted by a mass with higher kinetic energy. 180 

 181 

3.3 Direct measurement of the impact force on the barrier 182 

As mentioned above, the central area is connected to neighboring net rings by mini tension link 183 

transducers. The measured maximum tensile forces on the mini transducers are used to calculate 184 

the maximum impact force on the flexible ring net. The deformation in the measured area is 185 

assumed cone symmetric to simplify the calculation. Due to the interlaced arrangement of the 186 

rings, Transducers 2, 3, 5, 6, 9, and 10 are not perpendicular to the edge of the measured area. 187 

Thus, orthogonalization is processed on the tensile forces on those transducers before they are 188 

used in the impact force calculation: 189 

 
' cos45i iF F   (1) 190 

where i=2, 3, 5, 6, 9 and 10. 191 

Thus, the impact force can be calculated with the following equation: 192 

  'cos
2

impact i jF F F


     (2) 193 

where Fimpact is the total impact force, θ is the included angle in the measured area bent by the 194 

impact mass, Fi’ is the orthogonalized maximum tensile force of Transducer i (Transducers 2, 195 

3, 5, 6, 9 and 10), and Fj is the maximum tensile force of Transducer j (Transducers 1, 4, 7 and 196 

8). The included angle of the curved ring net is measured from the photos taken at the moment 197 

of the largest deformation (see Fig. 8(b) for Test 1 and Fig. 9(b) for Test 2). The maximum 198 

impact loadings on the flexible ring net in the two tests are listed in Table 1. 199 

 200 

3.4 Calculation of the impact force transferred to the posts 201 

The flexible ring net is supported by two steel posts that can rotate in the plane of impact, and 202 

each post is supported by two inclined steel strand cables. Tensile forces on the strand cables 203 

are measured by the installed tension link transducers. Therefore, the maximum impact force 204 
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transferred to the supporting structures can be calculated by decomposing the maximum tensile 205 

forces on the supporting cables in the direction parallel to the impact. From the arrangement of 206 

the cables plotted in Fig. 1(a) and (b), Eq. 3 is derived: 207 

  ( ) ( )sin 66 cos60 sin 28 cos76
post

residual B sum A sum

impact

h
F F F

h
   (3) 208 

where 
residualF   is the residual force transferred to the supporting structures, 

posth   is the 209 

distance between the rotation fulcrum of the post and the connecting point of the cables, 
impacth  210 

is the position vector from the rotation fulcrum of the post to the equivalent concentrated impact 211 

force, and FA(sum), FB(sum) are the sums of the tensile forces on cable A and cable B located at 212 

both sides. Parameters for the calculation are obtained from Fig. 8 and Fig. 9 and listed in Table 213 

1 together with the calculated results Fresidual. 214 

Thus, the Impact Reduction Rate (IRR) of the flexible barrier is defined as: 215 

 100%
impact residual

impact

F F
IRR

F


    (4) 216 

IRR values of Test 1 and Test 2 are calculated and presented in Table 1. The flexible barrier 217 

reduces 32% and 27% of the total impact loading in Test 1 and Test 2, respectively. With further 218 

verification, the IRR values can be used to optimize the design of flexible protection systems 219 

by estimating impact forces on the supporting structures more accurately. 220 

 221 

3.5 A new simple approach for maximum impact loading estimation 222 

In this section, a simple approach is proposed based on the work-energy theorem. By ignoring 223 

the transformation from kinetic energy to thermal energy during the impact, all the kinetic 224 

energy loss of the boulder equals to work done on it, and Eq. 5. is written as follows: 225 

2

0

1

2

s

estimatedF ds mv        (5) 226 

where Festimated is the estimated impact force, s is the displacement of the boulder during the 227 
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impact, m and v are the mass and the impact velocity of the boulder. 228 

 229 

In Eq. 5, the kinetic energy of the impact boulder is easy to be obtained in the design. Normally, 230 

the designer will estimate the maximum diameter of the potential falling boulders (dboulder) in 231 

the risky area by geological investigation, then its mass can be estimated by: 232 

3
4

3 2

boulder
boulder

d
m  

 
  

 
         (6) 233 

The impact velocity (v) can be estimated by numerical simulation considering the geometric 234 

condition of the protection area. However, it is difficult to obtain ds during the impact because 235 

of the complex motion of the boulder (as shown in Fig. 5). Hence, two coefficients: S and D are 236 

introduced in this approach. S represents the equivalent stiffness of the flexible barrier, which 237 

is a constant parameter of a type of standard flexible barriers installed with similar initial 238 

elongations. In this paper, Test 1 is used to determine the coefficient S of the used flexible barrier. 239 

The other coefficient 
2

boulderD d   is proposed to consider the influence of the impact area. 240 

Thus, the impact force from a falling boulder on a flexible barrier can be estimated with the 241 

following equation: 242 

3

2 21 4 1

2 3 2 12

boulder
estimated boulder boulder boulder

d
F SD v S d v   

  
   

   

   (7) 243 

From the back calculation using the data in Test 1, S=2.76. 244 

Data for Test 2 is used to verify this approach. By applying Eq. 7, the estimated impact force is 245 

67.7 kN, which fits well with the measured maximum impact force on the flexible ring net (72.4 246 

kN). Thus, this simple approach can be preliminarily proved feasible. By applying this simple 247 

approach, the designed impact loading of rockfalls can be easily estimated using basic 248 

parameters of possible falling boulders and the selected type of barriers. The stiffness parameter 249 

S of a standard flexible barrier can be determined by conducting a calibration test on each type 250 
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of standardized flexible barriers. 251 

 252 

4.  CONCLUSIONS 253 

In this study, large-scale physical modeling tests were conducted using spherical granite 254 

boulders with different diameters to impact a flexible barrier. Spherical granite boulders with 255 

the diameter of 400 mm (Test 1) and the diameter of 600 mm (Test 2) were used in the impact 256 

tests to study the performance of a flexible barrier subjected to falling boulders with different 257 

diameters. The interactions between the boulders and the flexible barrier have been clearly 258 

presented and analyzed in this study. From the experiment results and their analysis, the 259 

following findings and conclusions are summarized and presented:  260 

(a) Multiple impacts were observed in Test 1 and Test 2. This phenomenon indicates that the 261 

large deformation of the flexible barrier can recover well after the first impact, and the 262 

kinetic energy of the falling boulder can be dissipated during the multiple interactions. 263 

(b) The impact loadings on the flexible barrier and the loadings transferred to the supporting 264 

structures in the two tests were calculated and compared. It is found that the flexible barrier 265 

reduces around 30% of the total impact loadings in both Test 1 and Test 2. The design 266 

loading for the supporting structures can be accurately estimated with the help of IRR value 267 

instead of using the impact forces on the flexible ring net. 268 

(c) A simple approach for impact loading estimation is proposed in this study. Coefficient S is 269 

proposed to represent the equivalent stiffness of flexible barriers. The data of Test 1 are 270 

used to calibrate the stiffness coefficient S, and the data of Test 2 are used to verify this 271 

simple approach. The calculated results using the simple approach is consistent well with 272 

the measured values.  273 

 274 

In the future, numerical simulations using different impact velocities, testing materials, and 275 
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diameters of boulders will be conducted to further verify and optimize the IRR values and the 276 

proposed simple approach.  277 
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Table 1. Parameters and results for calculation. 356 

Test name Test 1  

(400 mm diameter) 

Test 2  

(600 mm diameter) 

hpost (m) 2.7 

Boulder diameter (mm) 400 600 

Boulder density (kg/m3) 2650 2650 

Mass (kg) 90.5 305.4 

Impact velocity (m/s) 7.03 7.67 

himpact (m) 0.35 0.58 

Included angle θ (°) 32 102 

'

i jF F   (kN) 39.46 115.04 

( )A sumF  (kN) 0.92 3.15 

( )B sumF  (kN) 7.55 25.66 

Fresidual (kN) 25.8 52.9 

Fimpact (kN) 37.9 72.4 

IRR (%) 

(Impact Reduction Rate) 

32 27 

 357 

 358 

 359 

 360 

  361 
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Figure list: 362 

 363 

Figure 1. Sketches of the physical model in (a) side view, (b) layout view and (c) photograph 364 

of the physical model 365 

Figure 2. (a) schematic diagram of the flexible barrier and (b) front view of the flexible barrier 366 

with installed mini tension link transducers (unit in mm) 367 

Figure 3. (a) forces v.s. time and (b) the peak tensile forces on the tension link transducers 368 

between rings in Test 1 369 

Figure 4. Interpretation of the typical video frames recorded by (a) the side-view camera and 370 

(b) the front-view camera combined with the tensile force on Transducer 10 in Test 1 371 

Figure 5. (a) motion trail of the boulder and boulder-barrier interaction and (b) the relationship 372 

between velocity and displacement in the direction of the impact in Test 1 373 

Figure 6. (a) forces v.s. time and (b) peak tensile forces on the tension link transducers between 374 

rings in Test 2 375 

Figure 7. Interpretation of the typical video frames recorded by (a) the side-view camera and 376 

(b) the front-view camera combined with the tensile force on Transducer 10 in Test 2 377 

Figure 8. (a) photograph at the moment of the largest deformation (side view), (b) parallel 378 

schematic view and (c) tensile forces on supporting cables in Test 1 379 

Figure 9. (a) photograph at the moment of the largest deformation (side view), (b) parallel 380 

schematic view and (c) tensile forces on supporting cables in Test 2 381 

 382 

  383 
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 384 
(a) 385 

 386 
(b) 387 
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 388 
(c) 389 

Figure 1. Sketches of the physical model in (a) side view, (b) layout view and (c) photograph 390 

of the physical model 391 

  392 
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Figure 2. (a) schematic diagram of the flexible barrier and (b) front view of the flexible 397 

barrier with installed mini tension link transducers (unit in mm) 398 
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Figure 3. (a) forces v.s. time and (b) the peak tensile forces on the tension link transducers 404 

between rings in Test 1 405 
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Figure 4. Interpretation of the typical video frames recorded by (a) the side-view camera and 411 

(b) the front-view camera combined with the tensile force on Transducer 10 in Test 1 412 

413 
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Figure 5. (a) motion trail of the boulder and boulder-barrier interaction and (b) the 418 

relationship between velocity and displacement in the direction of the impact in Test 1 419 
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Figure 6. (a) forces v.s. time and (b) peak tensile forces on the tension link transducers 425 

between rings in Test 2 426 
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Figure 7. Interpretation of the typical video frames recorded by (a) the side-view camera and 433 

(b) the front-view camera combined with the tensile force on Transducer 10 in Test 2 434 
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Figure 8. (a) photograph at the moment of the largest deformation (side view), (b) parallel 442 

schematic view and (c) tensile forces on supporting cables in Test 1 443 
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Figure 9. (a) photograph at the moment of the largest deformation (side view), (b) parallel 451 

schematic view and (c) tensile forces on supporting cables in Test 2 452 
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