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Abstract: Flexible barriers trap large particles and boulders in a debris flow but allow slurry 41 

and small particles to pass through. It is observed from field tests and real cases that a certain 42 

amount of slurry and small particles in a debris flow passes through a flexible barrier with 43 

residual velocities. In the design of flexible barriers for debris flow mitigation, accurate 44 

determination of the impact force is the key issue. Nevertheless, few of current simple methods 45 

have quantified the effect of passing-through on the impact force reduction. Without 46 

considering the passing-through of slurry, the impact loading can be overestimated 47 

tremendously. In this study, a new simple method considering passing-through of slurry is 48 

proposed based on a two-phase flow model. This method is verified by the measured impact 49 

forces of two large-scale physical modeling tests. In the tests, debris flows with different water 50 

contents in mass (89.4% and 61.1%) were initiated to impact on a flexible barrier. The volume 51 

of the retained debris and the velocity loss of the passing slurry in the two tests are measured. 52 

Furthermore, this proposed simple method is validated by the data from well-documented 53 

laboratory tests in the literature. From the comparisons and validations, it is concluded that the 54 

proposed simple method provides an accurate and creative way to predict the dynamic impact 55 

force of a muddy debris flow on a flexible barrier. 56 

Keywords: Flexible barrier; Simple method; Impact force; Debris flow passing-through; Two-57 

phase flow model 58 

  59 
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Introduction 60 

Flexible barriers have been increasingly used in the mitigation of geohazards such as rockfalls 61 

(Volkwein et al. 2009), granular avalanches (Ashwood and Hungr 2016), and debris flows 62 

(Wendeler et al. 2007; Kwan et al. 2014; Volkwein et al. 2011). The main advantages of 63 

flexible barriers in debris flow mitigation are good adaption in natural landscapes and easy 64 

installation in the mountainous areas. Compared with traditional check dams, flexible barriers 65 

can be installed in the triggered area to trap debris flows before they become more disastrous 66 

while travelling down (Volkwein 2014). 67 

 68 

In the design of a flexible barrier, the selection of the primary net and the dimensioning of the 69 

supporting structures are normally based on the peak loadings on those components during 70 

impact. If the impact loading from the debris flow on the flexible net can be accurately 71 

calculated, the loading on other components can be obtained by numerical simulations 72 

(Wendeler et al. 2007). Thus, there is a great significance to predict the impact force from a 73 

debris flow simply and precisely. Simple methods, which are preferred by engineers in the 74 

design, can feasibly predict impact forces on the mitigation structures by appropriate 75 

simplification and a few basic parameters. In the literature, several simple methods were 76 

proposed to calculate the impact force of a debris flow on an obstacle (Wendeler 2016; Hungr 77 

et al. 1984; Armanini 1997; Ashwood and Hungr 2016; Song et al. 2018, Cui et al. 2015; 78 

Canelli et al. 2012; Kwan and Cheung 2012; Vagnon and Segalini 2016). The simple methods 79 

have also been applied in flexible barrier design references in Hong Kong (Kwan and Cheung 80 

2012) and Switzerland (Volkwein 2014) to predict the impact force from a debris flow.  81 

 82 

There are two widely accepted simple methods: the hydro-dynamic method and the hydro-83 

static method. Both methods adopt empirical coefficients to reach good accuracy in predicting 84 
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real cases. The hydro-dynamic method, which was firstly proposed by Hungr et al. (1984) and 85 

Armanini (1997), has been widely adopted in the flexible barrier design in Europe (Wendeler 86 

2016) and Hong Kong (Kwan and Cheung 2012). According to this method, the impact force 87 

is calculated as: 88 

 
2

0impact bulkF v hw  (1) 89 

where ρbulk is the bulk density of the debris flow (kg/m3); v0 is the debris flow impact velocity 90 

(m/s); h and w denote the debris flow depth (m) and the channel width (m); and α is the dynamic 91 

coefficient. For its value, Hungr et al. (1984) firstly proposed a value of 1.5; Canelli et. al. 92 

(2012) recommended a range between 1.5 and 5.0; Lo (2000) suggested a value of 3.0 in the 93 

design of a rigid barrier; Kwan and Cheung (2012) suggested a reduced value of 2.0 in the 94 

design of flexible barrier considering the loading reduction due to large deformation; Wendeler 95 

(2016) used a reduced dynamic coefficient of 0.7 for muddy debris flows with lower densities 96 

(<1900 kg/m3) and a higher coefficient of 2.0 for granular debris flows with higher densities 97 

( 1900 kg/m3) without considering the impacts of large boulders. 98 

 99 

The hydro-static method was firstly proposed by Lichtenhan (1973) and further developed by 100 

Armanini (1997). According to this method, the impact force is calculated as: 101 

 
20.5impact bulk depositF gh w  (2) 102 

where hdeposit is the total deposition height of the debris flow; and κ is the earth pressure 103 

coefficient, which was suggested as 1.0 by Wendeler (2016) and Kwan and Cheung (2012) for 104 

flexible barriers. 105 

 106 

By analyzing the data from field measurements and miniaturized laboratory tests, Hübl et al. 107 

(2009) concluded that the hydro-dynamic method does not perform very well in predicting 108 
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debris flows with low velocities and high flow depths; while the hydro-static method cannot 109 

provide a satisfactory performance in predicting debris flows with high velocities and low flow 110 

depths. Thus, the Froude-Number (Fr), which indicates the kinetic energy component ratio of 111 

the horizontal to the vertical directions (Armanini 1997; Scotten and Trivellato 1995; 112 

Tiberghien et al., 2007; Cui et al. 2018), was introduced. Fr  is defined as: 113 

 0v
Fr

gh
  (3) 114 

where g is the gravitational acceleration; h is the flow depth, and v0 is the debris flow velocity. 115 

 116 

Hübl et al. (2009) integrated Froude-Number into the simple method to eliminate the scale 117 

effect depending on a correlation analysis; Cui et al. (2015) introduced Froude-Number into a 118 

power method based on 155 sets of data. Representative simple methods in the literature and 119 

their applicability capacity are listed in Table 1.  120 

 121 

The passing-through of slurry has been frequently observed in previous field tests and real 122 

cases. Generally, a flexible barrier for debris flow mitigation normally consists of two layers 123 

of net: a high-strength primary net to sustain major impact loadings and intercept boulders 124 

similar to or larger than the mesh diameter (300 mm in our study) and a secondary wire mesh 125 

net to trap smaller particles and debris. The mesh net accelerates dewatering of the debris 126 

deposition and allows slurry and small particles in a debris flow to pass through (Volkwein 127 

2014; Wendeler et al. 2018). DeNatale et al. (1999) observed a diffuse spray of debris material 128 

through the net in the first wave of the debris flow during impact, and some of the sprayed 129 

gravel travelled more than 3 m after passing the net. In the video records of field tests presented 130 

by Geobrugg AG (2012), it can also be observed that a certain amount of slurry and small 131 

particles can pass through the flexible barrier with residual velocities. Wendeler and Volkwein 132 

(2015) conducted a series of laboratory tests to study the relationship between the mesh size of 133 
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a flexible barrier and the retaining rate of debris material. In the tests, a certain volume 134 

percentage (40% ~ 50%) of small particles and slurry can pass through the net. Li and Zhao 135 

(2018) studied the interaction of a debris flow with a permeable flexible barrier with numerical 136 

simulations. In the numerical model, a debris flow was simulated using a mixture of particles 137 

modelled by the discrete element method (DEM) and fluid modelled by the computational fluid 138 

dynamics (CFD). A flexible mesh net was also simulated using bonded particles by DEM. The 139 

interactions among the particles, the fluid and the flexible net were achieved by a coupled CFD-140 

DEM approach. In this model, the impact on the flexible barrier consists of the collision of the 141 

particles and the drag force of the passing fluid. This study investigated the relationship 142 

between the retained mass of the debris flow and the impact loading on the flexible barrier. The 143 

simulation results indicated that the impact loading on the flexible barrier increased with the 144 

increment of the retaining rate for debris flows with high water contents (solid fraction < 55%). 145 

However, the loading reduction due to fluid passing-through was not quantified in the literature, 146 

and the practical flexible protection system for debris flow mitigation was not simulated in the 147 

numerical model. Therefore, a deeper understanding of debris flow passing-through is required, 148 

and its influence on impact loading reduction should be quantified and integrated in the 149 

calculation of the impact force.  150 

 151 

This paper aims to clarify the impact mechanism of a muddy debris flow on a flexible barrier 152 

and derive a new simple method to calculate the maximum impact force taking account of 153 

slurry passing-through. Passing-through of slurry and small particles has been investigated by 154 

two large-scale physical modeling tests with different water contents. In the tests, the retaining 155 

volume of the trapped debris material, the velocity loss of the passing debris flow, and the 156 

impact force on the flexible ring net are measured and used to verify this method. Besides, the 157 

data from the laboratory tests in the literature are used to further validate this simple method.  158 
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A new simple method considering partial debris flow passing-through 159 

In this section, a new simple method for calculating the impact force of a debris flow on a 160 

flexible barrier is derived. Based on the grain size data of real cases, a debris flow can contain 161 

grains ranging from clay to boulders (King 2013; Iverson 1997). The single-phase flow model, 162 

which has been widely applied in debris flow research in the past few decades (Bagnold 1954; 163 

Chen 1988; O’Brien et al. 1993; Takahashi 2007), is not suitable to describe the interactions 164 

among particles, fluid and the flexible barrier which allows partial debris flow passing through. 165 

Therefore, the two-phase flow model (Iverson 1997; Iverson and Denlinger 2001; Pudasaini et 166 

al. 2005) is introduced to study the impact characteristics of particles and slurry in a debris 167 

flow during the interaction with a flexible barrier. Following the objective of this study, the 168 

two phases are classified based on their different impact mechanisms on a permeable flexible 169 

barrier. Therefore, a debris flow is divided into a slurry phase which can pass through the 170 

flexible barrier and a debris phase which can be trapped by the flexible barrier. The composition 171 

of a debris flow in this two-phase model is schematically shown in Fig.1(a), where air entrained 172 

in a debris flow is neglected in this study.  173 

 174 

General formulation 175 

First of all, three assumptions are made to simplify the impact force calculation of a debris 176 

flow: (i) both the debris and the slurry phases are uniformly distributed in a debris flow 177 

travelling with the same velocity v0 (see Fig.1); (ii) the cross-section area of the debris flow is 178 

a rectangle with the width of the channel w and the flow depth of the debris flow h; (iii) 179 

“effective debris flow” is defined to describe the debris front that can exert dynamic impact on 180 

the barrier, because the dynamic impact of the later approaching debris front can be eliminated 181 

by the debris deposition in the initial impact (Hungr et al. 1984). Thus, the total volume of the 182 

effective debris flow can be calculated as (Armanini 1997): 183 
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 0mixture impactV t v hw  (4) 184 

where Vmixture is the total volume of the effective debris flow; timpact is the total impact time; v0 185 

is the impact velocity; h and w are the flow depth and the channel width. 186 

 187 

The retaining rate of the debris phase (ϕd) and the passing rate of the slurry phase (ϕs) are 188 

expressed as: 189 

 d
d

mixture

V

V
  ; 1s mixture d

s d

mixture mixture

V V V

V V
 


     (5) 190 

where Vd is the volume of the debris phase retained by the net; and Vs is the volume of the 191 

slurry phase passing through the net.  192 

 193 

The total mass of a debris flow (mmixture) is quantified as: 194 

 d d d mixturem V  ;  1s s d mixturem V    (6) 195 

  1mixture d s d d d s mixturem m m V           (7) 196 

 197 

Therefore, the relationship between the bulk density (ρbulk) of the debris flow mixture and the 198 

densities of the debris phase and the slurry phase can be given as: 199 

  1mixture
bulk d d d s

mixture

m

V
         (8) 200 

ρd is the density of the debris phase in a debris flow, here it is measured from the saturated 201 

aggregate; and ρs is the density of the slurry phase in a debris flow, which can be back 202 

calculated using Eq.(8). 203 

 204 

Momentum conservation law 205 
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Based on the above definitions, the impact impulse on a flexible barrier is originated from the 206 

momentum change of the debris flow. During the impact process, the debris phase loses all its 207 

velocity, and the slurry phase only loses a part of its velocity by passing through the flexible 208 

barrier. Therefore, the impulse on the flexible barrier can be calculated by combining the 209 

momentum changes of the debris phase ( dp ) and the slurry phase ( sp ): 210 

 impact impact d sF t p p    (9) 211 

The momentum changes of the debris phase and the slurry phase can be written as: 212 

  0, 1,d d d dp m v v    (10) 213 

 
 0, 1,s s s sp m v v  

 (11) 
214 

where v0,d and v1,d are the velocities of the debris phase before and after the impact; v0,s and v1,s 215 

are the velocities of the slurry phase before and after the impact. Substituting Eqs.(10) and (11) 216 

into Eq.(9), the total impact force can be calculated with: 217 

 
   0, 1, 0, 1,d d d s s s

impact

impact impact

m v v m v v
F

t t

 
   (12) 218 

It is assumed that the debris phase and the slurry phase have the same velocity before impact: 219 

 0 0, 0,sdv v v   (13) 220 

In the simple method, the impact of a debris flow is regarded as a debris train impacting the 221 

mitigation structure (Hungr et al. 1984). Based on the assumption that the debris flow mixture 222 

is homogeneous before impact, the debris phase and the slurry phase are uniformly distributed 223 

in the debris flow.  224 

 225 

Substituting Eqs.(4), (6), (13) into Eq.(12), we can get: 226 

      0 0 1, 0 0 1,1impact d d d d s sF hwv v v hwv v v         (14) 227 



10 

Based on the definitions of the debris phase and the slurry phase, the debris phase is trapped 228 

by the flexible barrier and loses all its velocity (v1,d=0), and the slurry phase, on the other hand, 229 

passes the mesh net of the flexible barrier with a residual velocity (v1,s>0). The different 230 

performances of the debris phase and the slurry phase during the interaction with a flexible 231 

barrier are illustrated in Fig.1(b). To quantify the velocity loss of the slurry phase during the 232 

passing-through process, a dimensionless parameter named Velocity Loss Ratio (VLR) is 233 

defined and expressed as follows: 234 

 
0 1,

0

sv v
VLR

v



   (15) 235 

Therefore, the new simple method is derived and written as: 236 

  2

0 1impact d d d sF v hw         (16) 237 

Using this method, the dynamic impact force from a muddy debris flow on a flexible barrier 238 

can be calculated using the basic parameters of the impacting debris flow (ρd, ρs, v0, h), the 239 

width of the flow channel (w), and two coefficients with specific physical meanings (δ, φd). 240 

 241 

When both the debris phase and the slurry phase are fully trapped, δ=1 and Eq.(16) becomes: 242 

  2

0 1impact d d d sF v hw         (17) 243 

Substituting Eq.(8) into Eq.(17), we have: 244 

 
2

0impact bulkF v hw  (18) 245 

The proposed equation becomes the hydro-dynamic method with the dynamic coefficient of 1.  246 

 247 

The new method proposed in this study adopts the same theoretical basis as the hydro-dynamic 248 

method proposed by Armanini (1997). In the derivation of the hydro-dynamic method, 249 

Armanini (1997) identified two types of impact behaviors: the “jet-like” impact and the 250 
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“reflected wave” impact, and he concluded that the hydro-dynamic method can only be utilized 251 

to calculate the impact force from a debris flow imposing a “jet-like” impact on a barrier by 252 

neglecting the time variation in the momentum balance (from Eq.(12) to Eq.(14)). For the 253 

“reflected wave” impact, the dynamic impact force is much larger because the debris flow will 254 

bounce back with a rebound velocity after impact.  255 

 256 

Based on the observations from the debris flow impact tests in this study and in the literature 257 

(Song et al. 2018; Wendeler et al. 2018), a muddy debris flow impacts on a flexible barrier, 258 

decelerates gradually due to large deformation, and normally forms a “jet-like” impact. On the 259 

other hand, reflected waves can be generated in the impact of a granular debris flow on a 260 

flexible barrier (Wendeler 2016) or the impact of a debris flow on a rigid barrier (Canelli et al. 261 

2012; Ng et al. 2016). Therefore, only the impact force from a muddy debris flow on a flexible 262 

barrier can be calculated using the simple method proposed in this study. For the calculation 263 

of the impact force from a granular debris flow or on a rigid barrier, this method needs to be 264 

adjusted by introducing an empirical coefficient larger than 1 corresponding to developing 265 

reflected waves. 266 

 267 

Large-scale physical modeling tests 268 

Considering the scale effect, a large-scale physical modeling facility was built in an outdoor 269 

experiment site in the Road Research Lab of the Hong Kong Polytechnic University to study 270 

the interaction between debris flows and a flexible barrier. Two large-scale physical modeling 271 

tests were conducted with this facility to verify the proposed simple method. Main components 272 

of the large-scale facility are highlighted in Fig.2(a): (i) a debris material reservoir with the 273 

capacity of 5 m3, (ii) a prototype flexible barrier, and (iii) a steel flume linking the reservoir 274 

and the flexible barrier. The debris reservoir has a 1 m tall and 1.5 m wide vent and a flip-up 275 
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door facing to the flume. The prototype flexible barrier is supported by two parallel posts that 276 

can rotate in the plane of impact. Each post is supported by two inclined strand cables. The 277 

reservoir is located 5 m higher than the bottom cable of the flexible barrier. The flexible net is 278 

made up of a primary ring net with the ring diameter of 300 mm (No. ROCCO 7/3/300, 279 

Geobrugg) covered by a flexible mesh net with the mesh size of 50 mm, which is commonly 280 

used in Hong Kong and Europe for debris flow mitigation. The flume has an internal width of 281 

1.5 m, a length of 7 m and an inclination angle of 35 º. Side walls of the flume are composed 282 

of tempered glass to provide a clear observation of the motion and the interaction of a debris 283 

flow with a flexible barrier. 284 

 285 

Instrumentation 286 

To obtain reliable and comprehensive data of the large-scale tests, a dynamic measurement 287 

system was established. In this system, the central area of the flexible barrier, which consists 288 

of 5 connected rings, is separated from the main net and reconnected to the neighboring net 289 

rings with mini tension link transducers. High-speed cameras with the sampling rate of 1000 290 

fps are utilized to monitor the motion of the debris flow and the deformation of the flexible 291 

barrier during the impact period. One high-speed camera is installed at the right side of the 292 

barrier, and the other camera is set in front of the barrier. The arrangement of the 293 

instrumentation is plotted in Fig.2(b). A data-logger, (NI PXIe-1082, National Instruments), 294 

capable of sampling 48 transducers at 1000 Hz simultaneously, is used to collect the data of 295 

the transducers. 296 

 297 

Experiment material and procedure 298 

In the tests, a mixture of Completely Decomposed Granite (CDG) and aggregates saturated 299 

with sufficient water was released from the reservoir located 5 m higher than the flexible barrier 300 
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and flowed down to form a debris flow. Debris materials with similar total volumes (2 m3 in 301 

Test 1 and 2.05 m3 in Test 2) and different water contents in mass (89.4% in Test 1 and 61.1% 302 

in Test 2) were prepared to study the impact and passing-through mechanisms of debris flows 303 

with different water contents. The PSD (Particle Size Distribution) curves of the debris 304 

materials used in the tests are plotted in Fig.3. From the PSD curves, d90 of the debris flows in 305 

both tests is 27 mm. The basic parameters of Test 1 and Test 2 are listed in Table 2. Once the 306 

test was prepared, the trap door was flipped up in a short time to initiate a debris flow. Then, 307 

the debris flow travelled down via the flume and impacted the flexible barrier.  308 

 309 

Experiment results 310 

The debris flow in Test 1 has a higher impact velocity (6.7 m/s) due to its higher water content 311 

compared to the impact velocity of 5.8 m/s in Test 2. It can be observed from Fig.5 that a large 312 

percentage of slurry passed through the flexible barrier and sprayed out, and only large particles 313 

were retained by the flexible barrier in both tests. With the continuous photographs taken in 314 

the impact period by the high-speed cameras, the velocities of particles at different locations 315 

are measured to represent the debris flow velocity before the impact and the velocity of the 316 

passing slurry (see Fig.6 and Fig.7). To increase accuracy of the measurement, the velocity of 317 

each particle is measured from five continuous photographs with the assistance of the reference 318 

lines attached to the flume. The average velocities and the standard deviations in the 319 

measurement of all particles are plotted in Fig.6(b) and Fig.7(b). The average velocity of all 320 

passing particles is selected as the residual velocity of the slurry phase after the impact (v1,s). 321 

By comparing the velocities of the slurry before and after the impact, the VLRs (Velocity Loss 322 

Ratio, δ) in both tests are obtained (53.7% in Test 1 and 55.2% in Test 2), which are similar 323 

regardless of the different water contents in mass (89.4% in Test 1 and 61.1% in Test 2). The 324 

trapped debris materials in Test 1 and Test 2 are plotted in Fig.8. The retaining volume of the 325 
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debris phase was measured during the removal of the trapped debris after each test. The 326 

measured parameters in both tests are listed in Table 2. It can be observed that even the debris 327 

materials used in the two tests have similar total volumes and particle size distributions, the 328 

retaining rate of debris in Test 1 is much smaller than which of Test 2.  329 

 330 

Direct measurement of the maximum impact force on the flexible barrier 331 

As mentioned above, the central area is separated from the main net and reconnected to 332 

neighboring rings by mini tension link transducers. Two assumptions are made to simplify the 333 

measurement of the impact force on a flexible barrier: Firstly, it is assumed that the flexible 334 

barrier deforms as a membrane under a distributed loading. Secondly, the deformation of the 335 

flexible barrier in the measured area under impact is assumed as a symmetrical cone.  336 

 337 

For the impact force calculation, we select a cross-section which contains two opposite 338 

transducers to analyze the loading equilibrium in this section (see Fig.9). Thus, the maximum 339 

impact force in this cross-section can be calculated using the following equation: 340 

 , 1 1cos cos
2 2

i i i iF F F
 

      (19) 341 

where Fi and Fi+1 are the maximum tensile forces of two opposite mini tension link transducers: 342 

Transducer i and Transducer i+1, θ is the included angle between the two opposite transducers, 343 

and Fi,i+1 is the measured maximum impact force in this cross-section. 344 

 345 

Regarding the second assumption that the largest deformation of the flexible barrier is cone 346 

symmetric, θ is constant in all cross-sections, which can be measured from the selected frame 347 

taken by the high-speed camera at the maximum deflection (see Fig.10). Maximum tensile 348 

forces of all transducers ( ,tensile iF ) in Test 1 and Test 2 are shown in Fig.4. Thus, for the 349 
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measured area with n transducers, the maximum impact force, Fmeasured, can be calculated with 350 

the following equation: 351 

 ,

1

cos
2

i n

measured tensile i

i

F F
 



   (20) 352 

The measured impact forces in both tests are listed in Table 2. It can be found that the measured 353 

impact force in Test 2 is much larger than Test 1. 354 

 355 

Verification of the new simple method 356 

Comparison of the results from large-scale tests and simple methods 357 

The measured impact forces in the two tests are compared with the calculated impact forces 358 

using the simple method proposed in this paper and several other representative simple methods 359 

in the literature. To quantify the accuracies of those methods, RC (Relative Change) is defined 360 

and given as: 361 

 100%
impact measured

measured

F F
RC

F


   (21) 362 

The positive value of RC means the calculated result overestimates the measured value, and 363 

the negative value of RC means the calculated result underestimates the measured value. The 364 

calculated results and the Relative Changes of all the methods are listed in Table 3. The hydro-365 

dynamic method with 1.5   and 2.0   considerably over-estimates the impact loadings. 366 

This over-estimation is because these methods ignore the passing-through of slurry. The hydro-367 

dynamic method was developed by Wendeler (2016) using a reduced dynamic coefficient of 368 

0.7 to represent the lower impact loadings from muddy debris flows with lower densities 369 

( 1900bulk   kg/m3). This method can accurately predict the impact force from the debris flow 370 

in Test 2 with the bulk density of 1739 kg/m3. However, for the debris flow with a higher water 371 

content of 89.4% and a lower density of 1604 kg/m3 in Test 1, the Wendeler’s method 372 
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overestimates the impact force on the barrier. Therefore, this method is not suitable for muddy 373 

debris flows with various densities and different passing-through characteristics. The hydro-374 

static method with 1.0   obviously underestimates the impact loadings since dynamic 375 

loadings are dominant in the impacts of rapid debris flows. The empirical method introduced 376 

by Cui et al. (2015) much underestimates the impact forces in both tests. While the empirical 377 

method proposed by Hübl et al. (2009) has a feasible performance in predicting the impact 378 

forces of both tests. However, those empirical methods heavily rely on empirical coefficients 379 

based on statistical data, which cannot be used for extrapolative purposes (Thakur 1991). The 380 

equation based on the new method without considering the passing-through of slurry is also 381 

verified. δ=1 is used in this equation to represent the case that both debris and slurry are fully 382 

trapped by an impermeable flexible barrier. Predictably, this method tremendously 383 

overestimates the impact forces in both tests with the maximum deviation of 79%. The 384 

comparison result indicates that the passing-through of slurry can obviously reduce the impact 385 

loading to be undertaken by a flexible barrier. Among all compared methods, the proposed 386 

simple method considering slurry passing-through has the best performance in impact force 387 

prediction with small deviations. Based on the comparison results, it can be concluded that the 388 

new simple method proposed in this paper can accurately calculate the impact forces of debris 389 

flows with high water contents (higher than 60%). Besides, a good consistency between the 390 

measured impact forces and the calculated results using current simple methods also 391 

corroborates that the impact force measuring method used in this paper is reliable. 392 

 393 

4.2 Verification using the results from laboratory tests  394 

Few large-scale tests in literature have taken efforts to study debris flows passing through a 395 

flexible barrier and measured the residual velocity of the passing slurry. The data of laboratory 396 

tests presented in Wendeler and Volkwein (2015) are used to further verify this new simple 397 
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method. In that literature, a 3.88 m long, 0.3 m wide and 50 ° inclined chute was used to 398 

generate debris flows. Granular material with d90 (90% of the sample's mass is comprised of 399 

particles with a diameter less than this value) of 30 mm was used in those tests. The water 400 

contents ranged between 40% and 50%. The aim of those tests was to investigate the 401 

relationship between the mesh size of a flexible barrier and the retaining rate of debris material. 402 

From the conclusions drawn in that literature, the test (Test 43) using the net with the mesh 403 

size equaling to d90 of the debris material has the best performance in retaining debris material. 404 

Thus, the result of Test 43 in that literature is used in the verification. Since the VLRs (Velocity 405 

Loss Ratio, δ) in those tests were not mentioned, the average value of Test 1 and Test 2 in this 406 

study is used as a reference, so is the density of the debris phase. The density of the slurry phase 407 

(ρs) is back calculated by substituting ρbulk, ρd, and ϕd into Eq.(8). The parameters and the results 408 

are listed in Table 4. The calculated impact force using the new simple method is 393 N, which 409 

fits well with the measured impact force of 400 N. It can be concluded that the simple method 410 

has a good performance in predicting the impact force of a debris flow with a high retaining 411 

rate. 412 

 413 

Discussions 414 

Two key parameters are identified in the proposed new method to quantify the passing-through 415 

of slurry: the VLR (Velocity Loss Ratio, δ) and the retaining rate, ϕd. Reliable values of VLR 416 

and ϕd are required to guarantee the accuracy of this simple method. In the large-scale physical 417 

modeling tests presented in this paper, the VLR values are 53.7% and 55.2%, respectively. 418 

Considering the different water contents of debris flows in the two tests (89.4% and 61.1%), it 419 

can be preliminarily concluded that the VLR is insensitive to variation of water content. For 420 

design analysis, the value of VLR is conservatively recommended to be 55% for debris flow-421 

resisting flexible barriers based on the findings in this study. From the test results, the retaining 422 
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rate (ϕd), as the other key parameter in this simple method, has a close relationship with the 423 

water content of a debris flow. It can be preliminarily concluded that the retaining rate of a 424 

debris flow rises with the decrease of the water content, which fits well with the conclusions 425 

drawn by Li and Zhao (2018) from the results of numerical simulations. From the results of the 426 

debris flow impact tests in this study and in the literature (Wendeler and Volkwein 2015; 427 

Bugnion et al. 2012), values of the retaining rate ϕd varied from 0.1 to 0.8 for debris flows with 428 

water contents from 16% to 89%. For design analysis, a high retaining rate of 0.8 is 429 

recommended for a safer design of a flexible barrier. For the engineering application of the 430 

proposed simple method, the relationships of the VLR (Velocity Loss Ratio, δ) and the 431 

retaining rate (ϕd) with the basic parameters of the debris flow and the flexible barrier should 432 

be established. Wendeler and Volkwein (2015) concluded from laboratory tests and 433 

dimensional analysis that the retaining rate (ϕd) can be affected by two dimensionless numbers, 434 

which are 
7 '/b flh h   and 

8 90/M d  , where '

bh  is the distance between the slope and the 435 

flexible barrier bottom cable; 
flh  is the flow depth; M is the mesh size of the flexible net; and 436 

d90 is the diameter where 90% of the debris material has a smaller particle size. In this research, 437 

the relationships between the water content and the two coefficients (δ, ϕd) have been 438 

preliminarily investigated. From the results of the large-scale tests, it is found that the VLR is 439 

not sensitive to the change of water contents, and the retaining rate decreases with the increase 440 

of water contents. However, the number of tests in this study is difficult to establish quantitative 441 

relationships. More large-scale experiments are necessary to study the influencing factors on 442 

VLR and ϕd. For example, the ratio of the typical particle diameter to the mesh size, the water 443 

content, and the impact time will be investigated in the future study. If reliable relationships 444 

can be drawn, the VLR and the retaining rate in a design project can be determined by a detailed 445 

engineering geological investigation in the protected area. The dynamic impact load for design 446 

can therefore be calculated simply and accurately with the proposed simple method. 447 
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 448 

Due to the assumptions and simplifications in the derivation process, the proposed simple 449 

method has some limitations in the application range: 450 

a) The impulse impacts from large boulders entrained in a debris flow have not been 451 

considered. 452 

b) For the impact of a debris flow with a small flow depth and a low velocity, the static 453 

earth pressure can be dominant, thus the calculated impact force cannot accurately 454 

represent the maximum loading on the flexible barrier. 455 

c) This method can only be used to calculate the impact force from a muddy debris flow 456 

on a flexible barrier which performs a “jet-like” impact. If reflected waves are generated 457 

in the impact process, the theoretical basis of this simple method is no longer applicable. 458 

 459 

Nevertheless, this simple method provides a novel way to calculate the impact force of a muddy 460 

debris flow on a permeable flexible barrier using parameters with specific physical meanings 461 

considering the force reduction due to partial debris flow passing-through. 462 

 463 

Conclusions 464 

A new simple method has been proposed in this study to calculate the impact force of a debris 465 

flow on a flexible barrier considering the slurry passing-through. In this method, the debris 466 

flow is regarded as a two-phase flow: debris phase that can be retained by the flexible barrier 467 

and slurry phase that can pass through the flexible barrier. The impact force is calculated from 468 

the momentum changes of both phases in a debris flow during the impact. The results from two 469 

large-scale physical modeling tests are presented, analyzed, and applied to evaluate the 470 

performance of this new simple method. The data of the laboratory tests in the literature 471 

(Wendeler and Volkwein 2015) are used to further verify this simple method. From the 472 
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comparisons and verifications, key findings and conclusions are summarized and presented as 473 

below: 474 

(a) The passing-through of slurry can be observed in the large-scale physical modeling tests 475 

performed in this paper. By measuring the velocities of the passing slurry and the retaining 476 

volumes of the debris materials in the large-scale tests, more than 70% of slurry and small 477 

particles passed through the flexible barrier with the velocity loss of approximately 55% in 478 

this study. 479 

(b) From the test results of debris flows with different water contents, it can be preliminarily 480 

concluded that the velocity loss ratio of the passing-through slurry is insensitive to the water 481 

content, and the retaining rate of the debris material rises with the decrease of the water 482 

content.  483 

(c) The hydro-static method cannot accurately predict the impact forces of the debris flows in 484 

this study because the dynamic impact loadings are dominant in both tests. The hydro-485 

dynamic method with a reduced dynamic coefficient of 0.7 (Wendeler 2016) has a feasible 486 

performance in predicting the impact force in Test 1, but it obviously overestimates the 487 

impact force of the debris flow with a lower density in Test 2, which indicates that the 488 

hydro-dynamic method with a constant coefficient cannot predict debris flows with various 489 

densities and different passing-through characteristics. 490 

(d) The empirical method proposed by Hübl et al. (2009) has a feasible performance in the 491 

comparison. However, empirical methods heavily rely on existing experiment data, and the 492 

coefficients of empirical methods normally have limited physical meanings (Thakur 1991). 493 

(e) The modified equation was originated from the new simple method without considering 494 

the passing-through of slurry extremely overestimates the impact forces in both tests, which 495 

corroborates that the slurry passing-through can significantly reduce the dynamic impact 496 

loading on a flexible barrier. 497 
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(f) The new simple method proposed in this study has the best performance in the comparison. 498 

It can be concluded that this new simple method can accurately predict the impact force of 499 

a muddy debris flow with a high water content on a flexible barrier. The comparison with 500 

the results of the laboratory test in the literature further validates the reliability of this new 501 

simple method in the case of high retaining rates. 502 

 503 

Two coefficients with specific physical meanings have been defined in this paper: Velocity 504 

Loss Ratio (VLR, δ) of the passing slurry and the retaining rate of the trapped debris (ϕd). The 505 

coefficients are the key parameters in the new simple method to represent the interaction 506 

characteristics of a muddy debris flow with a flexible barrier. Further research should focus on 507 

establishing reliable relationships of the coefficients with the parameters of the impacting 508 

debris flow and the flexible barrier.  509 
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(a) 

 

(b) 

Figure 1. A schematic presentation of (a) debris and slurry phases in a debris flow and (b) 

different interaction mechanisms of the two phases with a flexible barrier 
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(a) 

 

(b) 

Figure 2. (a) View and (b) instrumentation of the large-scale physical model facility for 

debris flow tests 
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Figure 3. Particle size distribution (PSD) curves of debris materials used in Test 1 and Test 2 
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(a) 

 

(b) 

Figure 4. Arrangements and maximum tensile forces of mini-tension link transducers in (a) 

Test 1 and (b) Test 2 
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(a) 

 

(b) 

Figure 5. Passing-through of slurry in (a) Test 1 and (b) Test 2 

  



7 

 

(a) 

 

(b) 

Figure 6. (a) Selected particles representing the velocities of the debris flow before and after 

passing through the flexible barrier and (b) the measured velocities in Test 1 
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(a) 

 

(b) 

Figure 7. (a) Selected particles representing the velocities of the debris flow before and after 

passing through the flexible barrier and (b) the measured velocities in Test 2 
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(a) 

 

(b) 

Figure 8. Retainment of debris in (a) Test 1 and (b) Test 2 
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Figure 9. (a) sketch of a flexible barrier under the impact of a debris flow and (b) the force 

analysis of the measured area in the cross-section of Transducer i and Transducer i+1 
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(a)           (b) 

Figure 10. Photographs taken by the side-view high-speed camera at the maximum deflection 

in (a) Test 1 and (b) Test 2 
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Table 1. Simple models for calculating the debris flow impact loading 

Literature Simple model Values of 

coefficients 

Application range 

Hungr et al. 

(1984) 

2

0impact bulkF v hw α=1.5 Impacts of uniform debris 

flows on rigid barriers 

perpendicular to the flow 

direction 

Kwan and 

Cheung (2012) 

20.5impact bulk depositF gh w κ=1 Static pressure of deposited 

debris 
2

0impact bulkF v hw α=2 Impacts of uniform debris 

flows with v0 < 12m/s on 

flexible barriers 

Wendeler 

(2016) 

2

0impact bulkF v hw α=0.7 Impacts of uniform debris 

flows with bulk < 1900 kg/m3 

α=2 Impacts of uniform debris 

flows with bulk   1900 kg/m3 

Ashwood and 

Hungr (2016) 

2

0impact bulkF v hw α=2 High-discharge tests  

(Fr from 4.7 to 11.5) 
20.5impact bulk depositF gh w κ=1 Low-discharge tests 

(Fr from 1.2 to 2.7) 

Lichtenan 

(1973) 

20.5impact bulk depositF gh w κ=7-11 For design the rigid structures 

against debris flows 

Armanini 

(1997) 

20.5impact bulkF gh w κ=9 For flow depth h  equals to 

the height of check dams 
2

0impact bulkF v hw α=1 When the debris flow is 

deviated along the vertical 

direction during impact (jet-

like bulge) 

Zhao et al. 

(2018) 

1.8142

0.0052 2

00.18 bulk
impact r

water

F F v hw




 
   

 

N/A Empirical equation analyzed 

using the data from laboratory 

tests  

Cui et al. 

(2015) 

1.5 2

05.3impact bulkF Fr v hw N/A Applicable for debris flows 

from miniatured scale to field 

scale 

Hübl et al. 

(2009) 
 

0.60.8

05impact bulkF v gh hw N/A Impacts of uniform debris 

flows on rigid barriers from 

miniatured scale to field scale 

Zanuttigh and 

Lamberti 

(2006) 

 
2

20.5 1 2impact s bulkF C Fr gh w  sC =2-3 Impacts of debris flows with 

1Fr  
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Table 2. Values of parameters of Test 1 and Test 2 

Parameters Test 1 Test 2 

Density of debris phase ρd (kg/m3) 2075 2075 

Density of slurry phase ρs (kg/m3) 1552 1655 

Bulk density of debris flow ρbulk (kg/m3) 1604 1739 

Water content (%) 89.4 61.1 

Total volume of debris flow mixture Vmixture (m
3) 2 2.05 

Retaining volume of debris material Vd (m
3) 0.20 0.64 

Retaining rate ϕd 0.1 0.31 

Velocity of debris flow before impact v0 (m/s) 6.7 5.8 

Velocity of debris flow after impact v1,s (m/s) 3.1 2.6 

Froude number 0v
Fr

gh
  

6.76 4.49 

Velocity Loss Ratio δ (%) 53.7 55.2 

Depth of debris flow h (m) 0.10 0.17 

Total deposition height of debris flow hdeposit (m) 0.2 0.4 

Width of flume w (m) 1.5 1.5 

Included angle θ (°) 130 127 

Measured impact force Fmeasured (kN) 6.01 10.35 
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Table 3. Comparisons of the measured impact forces in Test 1 and Test 2 with the calculated 

results of several simple methods 

Simple methods for impact force 

estimation 

Impact force 

in Test 1 

(kN) 

Relative 

Change 

(RC) (%) 

Impact force 

in Test 2 

(kN) 

Relative 

Change 

(RC) (%) 

Fmeasured 6.01  10.35  
2

0impact bulkF v hw  (α=1.5) 

(Hungr et al. 1984) 

16.20 169.39 22.38 116.25 

2

0impact bulkF v hw  (α=2) 

(Kwan and Cheung 2012) 

21.60 259.19 29.83 188.34 

2

0impact bulkF v hw  (α=0.7) 

(for bulk density lower than 

1900 kg/m3) (Wendeler 2008) 

7.56 25.72 10.44 0.92 

20.5impact bulk depositF gh w  (κ=1) 

(Kwan and Cheung 2012) 

0.47 -92.15 2.05 -80.22 

1.5 2

05.3impact bulkF Fr v hw  

(Cui et al. 2015) 

3.25 -45.90 8.31 -19.72 

 
0.60.8

05impact bulkF v gh hw  

(Hübl et al. 2009) 

5.45 -9.43 12.30 18.85 

 2

0 1impact d d d sF v hw         

(the new method neglecting the 

passing-through of slurry) 

10.80 79.59 15.32 48.07 

 2

0 1impact d d d sF v hw       

(the newly proposed method) 

6.45 7.25 10.94 5.77 
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Table 4. Parameters and measured impact force of the laboratory test in Wendeler and 

Volkwein (2015) compared with the calculated impact force using the new simple method 

Parameters Typical values 

Velocity of debris flow before impact v0 (m/s) 3.48 

Depth of debris flow h (m) 0.071 

Width of flume w (m) 0.3 

Bulk density of debris flow ρbulk (kg/m3) 1753 

Density of debris phase ρd (kg/m3) 2075 

Density of slurry phase ρs (kg/m3) 1269 

Velocity Loss Ratio δ (%) 54.5 

Retaining rate ϕd 0.6 

Water content (%) 45 

Measured impact force in the laboratory test Fmeasured (N) 400 

Calculated impact force using the new simple method Fimpact (N) 393 




