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Debris flow overflowing flexible barrier: physical process16

and drag load characteristics17

Abstract: The multiple-barrier mitigation strategy in the debris-flow source area is an18

effective approach to inhibit debris-flow entrainment and scale amplification along the flow19

path. However, less is known as debris flow overflows a filled barrier and cascades20

downstream.21

The present study investigates the physical processes and load characteristics of debris-flow22

overflowing a model flexible barrier, using a well-instrumented medium-scale flume.23

Volumetric solid concentration is varied ranging from 0.4 to 0.6 so that the control factors24

(e.g., state of liquefaction and turbulent drag) in the overflow process can be identified. The25

results demonstrate that effective stress is not observed in the incoming debris flows for solid26

concentration up to 0.6, denoting a contribution of turbulent drag to the overflow drag. The27

formed hydraulic jump substantially elevates the overflow depth above the flexible barrier,28

which has not been considered in the current design guideline. Decomposition of the total29

overflow load reveals that the increase in total load is actually dominated by the static load30

due to the elevated flow depth, rather than the turbulent drag. Downward momentum transfer31

to the lower section of barrier is observed and re-liquefaction of the deposited debris is a32

prerequisite for the downward momentum transfer. Different from the high33

solid-concentration cases, the deposit of low solid concentration (0.4) behind the barrier is34

partially drained with nontrivial effective stress, which further hinders the downwards35

momentum transfer to the base of barrier. The findings of present study indicate that the36

debris-flow properties are the key control factors for the complicated debris-barrier37
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interaction.38
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1. Introduction40

The entrainment of debris flow along flow path substantially amplifies its scale (Iverson41

et al. 2011; Iverson and Ouyang 2015; Ouyang et al. 2015; Liu et al. 2021) and therefore the42

resulted destructive power to the downstream human lives and infrastructure (Chen et al.43

2021a; Zhang et al. 2021). Current design principle of debris-flow mitigation structures is44

dedicated to building deposition barriers around the apex of debris-flow fan. Alternatively,45

barriers could also be installed upstream to the source area to inhibit the scale amplification46

along the flow path (Kwan et al. 2015; Vicari et al. 2021). The steel-net flexible barrier has47

become advantageous under this design principle, owing to its light weight, easy installation,48

high permeability to slurry phase, and aesthetic appearance in the hilly mountains (Wendeler49

et al. 2007; Wendeler 2016; Tan et al. 2020). Due to the steep gradient and narrow channel50

width in the upper catchment, cascade barriers are needed to intercept the debris volume and51

regulate the kinetic energy (Wendeler et al. 2008; Song et al. 2019b; Berger et al. 2021). Fig.52

1 shows an example of multiple debris-flow flexible barriers upstream a railway in the west of53

Beijing. Among the processes of impact, filling, overflow, and landing under successive54

debris-flow surges (Ng et al. 2019; 2021; Speerli et al. 2010), overflow is less studied and its55

physical process (interaction with barrier and with the retained debris) remains unclear.56

Footages at the Illgraben site showing debris-flow filling and overflow processes is available57

at https://www.youtube.com/watch?v=4NIfCV4SVC0 and https://www.youtube.com/watch?v=0PsVhIQUUro.58

Some description of the overflow loading characteristics of Illgraben debris flows can be59

found in Wendeler (2016).60

https://www.youtube.com/watch?v=4NIfCV4SVC0
https://www.youtube.com/watch?v=0PsVhIQUUro
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Current design guidelines (e.g., Kwan 2012; Wendeler et al. 2019) assume that the drag61

load localizes around the interface between the overflowing layer and static deposit, leading62

to the drag load concentrating on the crest of barrier (Fig. 2a). The field observation of63

Illgraben debris flow by McArdell et al. (2007) can be regarded as a special case of overflow.64

With a horizontal force plate at the crest of a check dam, the normal and shear stresses as well65

as pore fluid pressure were continuously measured. The ratio between shear stress and66

effective normal stress yields a Coulomb basal friction angle of 26° at the flow front, denoting67

the dominance of frictional component in the drag load.68

The experimental investigation on the overflow issues cannot clearly distinguish the69

horizontal overflow (with barrier fully filled) from debris spill-out (Wong and Lam 2018). For70

the debris spill-out, the flow trajectory is approximately parallel to the barrier surface. Since71

the majority of debris-flow momentum flux has been resisted by the barrier, this loading72

scenario should be regarded as direct impact, rather than overflow. For the horizontal73

overflow, the flow trajectory is parallel to the incoming flow, denoting substantial momentum74

flux has been drained downstream. However, the proportion of momentum resisted by the75

barrier remains unknown. Moreover, the transient impact-filling-overflow process makes the76

dynamic response of barrier during loading rather complicated (Tan et al. 2020; Kong et al.77

2021; Zhang and Huang 2021). The temporal and spatial variation of flow parameters (density,78

velocity, and depth) renders unreliable correlation with the dynamic response of barrier.79

Based on rigorous conservation of momentum, a multi-parameter oveflow load model80

for dry dense granular flows has been proposed by Faug et al. (2009; 2012). To close the81

proposed model (i.e., the number of equations has to match that of parameters), constitutive82



6 / 43

equation, geometrical relationship, and assumptions have to be adopted. The prerequisite is83

that the physical processes and constitutive behavior are both well understood for dry granular84

flows. For two-phase debris flows, the physical processes and constitutive behavior are still85

unclear and serve as the key focus of this experimental study.86

By using a medium-scale flume setup and a flexible barrier model, Song et al. (2022)87

investigated the dynamic impact response of flexible barrier under three surge loads. Current88

multiple-surge load model (e.g., Kwan 2012; Wendeler et al. 2019) was assessed through89

measured load profile and state of static deposit. However, strong interaction (remixing)90

between the flowing phase and deposited phase as well as downward momentum transfer91

were revealed, which is the key limitation of current load model. This finding is also92

instructive to the overflow process, which is not covered in Song et al. (2022) due to the93

limited volume of prepared debris.94

As a continuation of Song et al. (2022), this study increases the debris volume and95

number of surges to investigate the physical process of overflow and the characteristics of96

drag load. The existing debris-flow overflow load model is first briefly reviewed. Based on97

the experimental results, the composition of overflow induced load and the control factors of98

remixing process are revealed. Finally, the prospect of a rigorous overflow load model with99

consideration of mass and momentum conservation is discussed.100

2. Load model of debris-flow overflow101

Natural debris flow is characterized by its multiple-surge behavior. A debris-resisting102

barrier would experience the first impact, subsequent impact, and finally overflow (Fig. 2a) as103

the barrier is completely filled up. Multiple-surge load model with allowance for surcharge104
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loading has been developed (Kwan 2012; Wendeler et al. 2019) based on rigorous105

conservation of momentum. For the first impact, the impact load F is the combination of both106

dynamic and static forces of the flowing layer with depth h (Song et al. 2021):107

� = ���2ℎ� + 1
2

���ℎ2�108

( 1 )109

where α is the hydrodynamic pressure coefficient, ρ is bulk density of debris flow (kg/m3), v110

and h are frontal velocity (m/s) and depth (m) of the incoming flow, w is width of barrier (m),111

k is the hydrostatic pressure coefficient, and g is gravitational acceleration of (m/s2). The112

hydrodynamic pressure coefficient α is related to the flow regime (i.e., Froude number, Hübl113

et al. 2009), inclusion of boulders (Scheidl et al. 2013), and structure form (Wang et al. 2018;114

Chen et al. 2021b). Moreover, α value is strongly affected by the stiffness of mitigation115

structures. The large deformation of flexible barrier could effectively elongate the duration of116

impact, resulting in a much lower α value (Song et al. 2019a). Currently, the recommended α117

value by the Geotechnical Engineering Office of Hong Kong is 1.5 for rigid mitigation118

structures (GEO 2020).For subsequent debris-flow impact, the impact load is a combination119

of both loads of the flowing layer and static deposit:120

� = ���2ℎ� + 1
2

����2� (2)121

where H is the total height of both the static deposit and flowing layer.122

Previous study has confirmed the reliability of the multiple-surge load model in123

predicting the total impact load. However, in terms of load distribution along barrier height,124

there is substantial discrepancy between the experimental measurement and model prediction.125

Specifically, the impact load concentrates on the lower section of barrier which should be126
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covered by the deposited debris, rather than the position of flowing layer. Analysis of the state127

of static deposit reveals that the remixing process (interaction between the flowing layer and128

deposited layer) is the cause of the re-liquefaction of deposited debris and downward129

momentum transfer to the lower part of barrier (Song et al. 2022). This downward momentum130

transfer indicates that the prediction of multiple-surge load model may not be conservative for131

engineering design.132

As for the drag load exerted by the overflowing debris, since the outflow velocity cannot133

be predicted beforehand, the momentum flux intercepted by the barrier is unknown. The total134

force (including drag load) is estimated based on the frictional and turbulent flow resistance135

of the two-phase debris flow as well as the overall static load (Fig. 2a):136

� = ��ℎ(���� + �2

ℎ�
)�� + 1

2
����2� (3)137

where φ is apparent friction angle (°), ξ is turbulent coefficient (m/s2) based on the Voellmy138

rheological model (Voellmy 1955), and L is the length of active wedge behind the barrier139

(Kwan 2012).140

3. Methodology: modeling debris-flow overflow in a medium-scale flume141

The same model setup with Song et al. (2022) is adopted to study debris flow overtopping a142

model flexible barrier. The instrumentation and test program are revised accordingly to serve143

the targets of this study.144

3.1 Model setup145

The medium-scale concrete flume consists of a gate at the upstream, a linear146

transportation zone, and a model flexible barrier at the downstream (Fig. 3a). The distance147
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from gate to model barrier is 7.15 m and the width between two sidewalls is 0.7 m (Fig. 3c).148

The inclination of flume is constant at 12°. This relatively low inclination enhances the basal149

flow resistance and limits the maximum solid concentration of debris flow to 0.6. The section150

upstream of the gate is used as a container to store debris materials. Upon uplift of the gate,151

the debris can be released to model a dam-break failure.152

3.2 Model flexible barrier153

Due to the nonlinear elasto-plastic loading behavior, it remains a difficulty to scale down154

the properties of a prototype flexible barrier into the model scale (Ng et al. 2016). To reveal155

the key interaction between debris flow and flexible barrier, a simplified model flexible156

barrier is used. The 0.45 m high and 0.7 m wide model barrier consists of a net and four steel157

strand cables which are isometrically installed on the net with a spacing of 0.15 m (Fig. 3c).158

The model barrier is installed adjacent to basal sensing module 2 (Fig. 3a). The net is made of159

high-density polyethylene is characterized with 5 mm net opening. Considering the typical160

cable spacing in a prototype barrier is around 1.5 m (thus with a scale factor 1.5/0.15=10 for161

the model barrier), 5 mm is equivalent to a net opening of 50 mm, which is typical for a162

flexible barrier with a finer secondary mesh (Berger et al. 2021). When debris flow impacts163

the model barrier, the debris first impinges the net surface, then the net transfers the impact164

load to cables. Slack is provided in the net to ensure the debris impact load can be fully borne165

by the horizontal cables.166

In this barrier setup, flexibility provided by the energy dissipating devices and167

deformable net is replaced by a 0.2 m prescribed deformation in the horizontal cable, i.e., the168

length of each horizontal cable is preset as 0.9 m. Both sides of the cables are fixed to the169
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concrete side walls using expansion bolts (for modeling of anchor foundation in prototype).170

3.3 Instrumentation171

The normal/shear stresses and pore fluid pressure are measured by two basal sensing172

modules (Fig. 3b) which are installed with their surface flush with the bed of flume (Fig. 3a).173

Basal sensing module consists of a triaxial load cell for measurement of basal normal stress174

and shear stress (measured forces divided by the sensing area), and a Pore Pressure175

Transducer (PPT) for measurement of pore fluid pressure. The open end of PPT is covered by176

a 0.4 mm steel mesh, which could effectively filter the coarse particles and transmit the177

pressure of fluid phase. Prior to each test, PPT has to be manually saturated to ensure the178

accuracy of pore fluid pressure measurement. The measurement of basal load might be179

affected by the size effect of basal sensing module. There are two considerations for designing180

the size of force plate. 1. The force plate should be as large as possible to smooth-out the181

impact load of single particles; 2. The force plate should be as small as possible to enhance182

the resolution of measurement in the flow direction. The diameter of force plate is 120 mm183

(Fig. 3b).184

The flow depth of debris flow is measured by both ultrasonic and laser sensors, which185

are installed directly above the two basal sensing modules. One more pair is installed186

in-between to accurately derive the flow velocity and depth prior to overflow (Fig. 3a and Fig.187

6). The ultrasonic sensor located in front of the gate serves as a trigger to determine the188

moment of debris-flow release. Video cameras are installed upstream, downstream, and over189

the model flexible barrier (Fig. 3a) to record the impact, filling, and overflow processes.190

Miniature tension load cells are connected on the four cables of model barrier to record the191
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tensile force induced by debris impact and overflow (Fig. 3c). A multiple-channel NI data192

acquisition system is adopted to synchronously record the measured data.193

3.4 Debris flow material194

Granular material from the debris-flow deposits in the Jiangjia Gully, near the195

Dongchuan Debris Flow Observation and Research Station (DDFORS), is used in this study.196

The coarse particles in the deposits are removed by using a 20 mm × 20 mm steel sieve. The197

particle size distribution of the material, with median particle size 2.84 mm, is shown in Fig. 4.198

After sieving, the relative proportion is clay:silt:sand:gravel = 2.0:6.5:32.7:58.8.199

Removal of coarse particles increases the percentage of fine particles (clay and silt) and200

this would result in a higher pore fluid pressure and low flow resistance (low effective stress)201

in the modelled debris flows (Kaitna et al. 2016). These fine particles, combined with water,202

form a solid-liquid unsorted slurry, which is of great significance to the movement of debris203

flow (Fei et al. 1991). In this study, as suggested by Cui et al. (2005), the maximum particle204

size of the debris-flow slurry is 1.2 mm. Given the fine material below 1.2 mm is considered205

as part of liquid phase, the new median particle size is 4.30 mm (Fig. 4).206

3.5 Test program and procedure207

To investigate the impact and overflow of debris flows with distinct flow characteristics,208

the volumetric solid concentration (including the fine particles with particle size smaller than209

1.2 mm) is set to 0.4, 0.5, and 0.6, ranging from a dilute to dense flow regime. The210

corresponding bulk densities are 1660, 1825, and 1990 kg/m3, respectively. Based on the211

rheological tests of debris-flow slurry in Jiangjia Gully (Yang et al. 2013), the viscosities are212
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determined as 0.19, 0.41, and 0.88 Pa·s, respectively. Each experimental series is designed213

with four independent releases, and the interval between two releases is about 30 min but also214

controlled by the weather condition of the day. The volume of a single release is 0.2 m3 (0.15215

m3 in Song et al. 2022). Details of the test program are summarized in Table 1. The first three216

surges (0.6 m3) completely fill up the barrier, and the 4th surge would form the overflow. Due217

to the concrete flume bed, this study does not consider the entrainment of completely218

consolidated materials of antecedent debris flow events; while the entrainment of loose219

deposits of the previous surges has to be considered.220

Once the model is prepared, the configured debris-flow mixture is loaded behind the gate221

and is manually stirred to ensure the solid-liquid mixture remain well mixed. The222

impact/overflow processes last about two seconds (Fig. 5, 7, and 12), which is too short for223

the solid particles to settle. After interacting with the flexible barrier, the debris material224

accumulates behind the barrier and the deposit continues to drain and consolidate. The225

sampling rate for the impact/overflow stage is set to 1000 Hz and is set to 1 Hz for the226

consolidation stage.227

4. Results and interpretation228

4.1 Characterization of incoming flow229

The basal normal/shear stress and pore fluid pressure for the 4th incoming flow of solid230

concentration 0.4, 0.5, and 0.6 are shown in Fig. 5. Prior to the 4th release, there is certain231

amount of deposit above basal sensing module 1, where the pore fluid pressure is lower than232

the normal stress. As the flow front approach to the module, the basal normal stress and pore233
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fluid pressure quickly rise up. Since the pore fluid pressure equals to normal stress, the flows234

are fully liquefied, even for flow with solid concentration of 0.6. As the particles lose contact,235

the measured shear stress is proportional but only 10%-20% of the normal stress. More236

importantly, this indicates that, during the overflow process, the drag load is not composed of237

frictional forces. This issue will be further discussed in Section 5.1 Characteristics of total238

force under overflow.239

The incoming flow pushes the static deposit behind the barrier to form a hydraulic jump240

(see Fig. 2b and next section). At the end of overflow process, the flow behind barrier241

approaches static and a reflected wave is formed to propagate upstream. The reflected wave242

can be inferred in the rise-up of normal stress and pore pressure. In this stage, the recorded243

shear stress goes below zero (Fig. 5).244

4.2 Overflow kinematics245

Substantial overflow is observed in tests 40-4, 50-3, 50-4, and 60-4 (Table 1). The246

overflow kinematics for surge 4 of solid concentration 0.5 (test 50-4) captured by the247

downstream video camera 2 (Fig. 3a) can be viewed in Fig. 6 and the Supplementary video.248

As the flow front approaches the static deposit behind the barrier (Fig. 6a), a hydraulic jump249

forms, which is characterized with steep jump interface and high downstream flow depth (Fig.250

6b). Note that flow depth downstream the jump can be derived through the analytical models251

(based on conservation of mass and momentum, see Chanson 2004). Here we directly252

measure the upstream and downstream flow depth through ultrasonic and laser sensors (see253

Fig. 7). Meanwhile, the velocity downstream and upstream the jump can be deduced through254

the arrival time of the flow front within known distance. The flow of the formed jump255
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continues to propagate downstream and overflows the barrier (Fig. 6c). The whole overflow256

process lasts about two seconds and finally returns to static condition (Fig. 6d). The formation257

of hydraulic jump is not considered in the current design scenario (Fig. 2a) and a schematic258

diagram of observed overflow kinematics is shown in Fig. 2b.259

The observed jump and overflow processes are transient with visible fluctuations in the260

free surface. This can be further reflected by the measurement of ultrasonic and laser sensors261

(Fig. 7). As can be seen in Fig. 7b, the measurement of laser sensor (gray line) is262

characterized with strong fluctuation, thus the moving average (over 0.02 s) is also shown263

(black line). While the measurement of ultrasonic sensor is smooth, but is much higher than264

that of the laser sensor, roughly forming an envelope of the laser sensor signal.265

The inset in Fig. 7a demonstrates the working principle of the two type of sensors. Both266

type of sensors emit ultrasonic waves or light waves and receive when the waves reach the267

surface of flow. The ultrasonic wave is featured with increasing diameter with its travel268

distance. If the diameter of the ultrasonic wave is larger than the typical wave length of the269

flow, the wave is reflected back by the crest of flow wave. While the light wave is featured by270

its strong direction and remains as a point within the measurement range. Thus the light wave271

could reach the trough and measure details of the flow wave (inset of Fig. 7a). This indicates272

that the measurement of ultrasonic sensor actually exaggerates the effective flow depth of the273

unsteady flows (about 20% in Fig. 7b). The reliability of ultrasonic sensor depends on the274

flow condition and could be low in the filed monitoring of natural geophysical flows. While275

laser sensor cannot be used for the clean water flow, since the laser wave would transmit276

through the transparent surface or be reflected elsewhere. The moving average results of laser277
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sensor is adopted in this study for further analysis.278

4.3 Cable force and normal impact force279

Fig. 8a shows the time history of cable forces under four surge impacts with solid280

concentration of 0.4. Following the method proposed by Song et al. (2018) which converts the281

tensile force along cable to the impact force normal to the barrier face, Fig. 8b-e show the282

detailed characteristics of the normal impact force on the cable during the four surge impacts.283

Each surge impact is highly transient and followed by a quasi-static consolidation stage. In the284

first two surge impacts, the lower intermediate cable (blue line) bears the highest impact force285

(Fig. 8b&c). As overflow imposes drag load to flexible barrier in the last surge, the upper286

intermediate (black line) cable and top (red line) cable catch up with the lower intermediate287

one (Fig. 8e). The bottom cable remains the lowest because it is gradually buried by the static288

debris and no longer subject to the dynamic impact of flowing debris.289

The experimental results of 0.5 and 0.6 solid concentration series demonstrate similar290

characteristics (Fig. 9 and 10). Note, there are only three effective impacts in 0.6 solid291

concentration tests (Fig. 10), since the first surge does not reach the flexible barrier. The key292

difference between 0.5/0.6 solid concentration impacts and that of 0.4 is that the lower293

intermediate impact force remains the maximum. This will be further elaborated in term of the294

degree of liquefaction in Section 5.2 and 5.3. As revealed by Song et al. (2022), prior to295

reaching the barrier, the incoming flow forms hydraulic jump in the free surface, meanwhile,296

the flow remixes downward into the static deposit. Thus the overflow not only forms drag297

load, but also imposes direct impact load due to the momentum exchange to the deep layer. A298

full description of this overflow process is depicted in Fig. 2b.299
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5. Characteristics of drag load300

5.1 Characteristics of total force under overflow301

By assuming the momentum flux of the overflow surges is fully intercepted by the302

barrier, we compare the theoretical loads with measured loads (Fig. 11a). The theoretical loads303

are calculated based on the multiple-surge load model (Eqn. 1 and 2). Since the model barrier304

is simplified without deformation upon impact, α value of 1.5 is adopted, which is305

recommended for design of rigid barrier by GEO (2020). With the liquefaction of debris306

material, static pressure coefficient k = 1 is adopted. It is obvious that the surge impacts307

without overflow can be well predicted by the multiple-surge load model. Unsurprisingly, the308

surge loads with overflow are excessively overestimated. This is because only part of the309

momentum flux is effectively resisted by the barrier.310

We further predict the total force with consideration of overflow using the overflow load311

model (Eqn. 3). Since effective stress is not observed in the incoming flow. The frictional312

term in Eqn. 3 is dropped. The model only considers the turbulence induced drag load (with313

turbulent coefficient ξ =500 m/s2; Kwan 2012) and the variation of overflow depth H (by laser314

sensor 4, Fig. 2b and 7c) for the calculation of static load. With barrier height 0.45 m and315

flume inclination 12°, the length of active wedge behind the barrier L= 0.45/tan12°=2.12 m.316

The measured and calculated total force exerted on flexible barrier is compared in Fig. 12.317

The model predictions (blue line) are generally higher than the measured values (brown line).318

Nevertheless, these predictions of the overflow load model (Eqn. 3) are substantially lower319

than those predicted by the multiple-surge load model (Fig. 11a). A direct comparison320

between the model prediction (Eqn. 3) and measurement is shown in Fig. 11b. The model321
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prediction generally matches well with the physical measurement.322

Since the first terms in the right hand side of Eqn. 2 and 3 are both characterized with the323

square of velocity. The ratio of these two terms forms an effective approach to estimate the324

drag load from the dynamic impact load. Based on the known parameters (h about 0.25 m, L,325

ξ, α), the drag load (��2

�
��� ) is about 11% of the dynamic impact load (α��2ℎ� ). In the326

overflow scenario, under the premise of negligible friction drag, the majority of momentum327

flux is not resisted by the barrier.328

Fig. 12 further marks the composition of total force during the overflow of debris flow.329

In all three cases, the turbulent drag load (Voellmy term in Eqn. 3) is about 2/3 of the330

maximum static load induced by the increase of overflow depth. This indicates that, the331

increase in total force (i.e., the general overflow drag force) during the overflow stage is332

mainly contributed by the static load, rather than the turbulent drag (momentum change).333

Note this study only covers limited range of solid concentration (flow regime). A thorough334

experimental investigation on the relative contribution of the static load, turbulent drag, and335

friction drag (when effective stress exists) is needed.336

5.2 Characteristics of load profile337

Figure 12 also compares the increase in total force (brown line) and drag load on the top338

cable (red line). As revealed above, the static load substantially contributes to the total force.339

Even so, the increase of drag load in the top cable is still lower than that of the turbulent drag340

(Voellmy term in Eqn. 3), denoting part of the drag load is redistributed downwards. Thus we341

further plot the cable load profile at the moment of peak total force to elucidate the342

distribution of the drag load behind barrier. In Fig. 13, the abscissa represents the normal343
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force and the ordinate represents the height of flexible barrier. The four cables are located at344

0.00, 0.15, 0.30, and 0.45 m, respectively. For overflow with 0.5 and 0.6 solid concentration,345

the measured results show that the maximum load stays on the lower intermediate cable. This346

finding is consistent with that of Song et al. (2022), where only direct normal impact is347

studied. This means that, in the overflow stage, the momentum exchange does not merely348

occur around the top cable. Rather, the deposits of the previous surges are remixed and the349

momentum is exchanged to the deep layer to form impact load. A schematic diagram of the350

remixing process induced by the overflow is depicted in Fig. 2b.351

The bearing capacity of anchors is the key parameter for debris-flow flexible barrier352

design. The current multiple-surge impact and overflow load models do not consider the353

downward momentum transfer. Thus the model prediction may not be conservative for354

engineering design. To enhance the robustness of the whole flexible barrier system, the355

bearing capacity of the lower intermediate cable should be further improved.356

The load profile of 0.4 solid concentration is different, with the peak cable load on the357

upper intermediate cable (Fig. 13). We adopt the measurement of basal sensing module 2 right358

behind the barrier (Fig. 3a) to explain this discrepancy.359

5.3 Basal stresses and pore fluid pressure360

To further explain the discrepancy in load profile (Fig. 13), the state of debris-flow361

deposits behind the barrier are analyzed through the measured normal/shear stresses and pore362

fluid pressure. For simplicity, only the responses of the 4th overflow surges are shown. For363

tests 50-4 and 60-4, the pore fluid pressure closely follows the variation of normal stress (Fig.364

14 b&c), denoting full liquefaction due to the remixing of the 4th surge. As a result of the low365
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effective grain contact, the measured shear stress is negligible, although the deposit is lying366

on a 12° slope. However, the sign of measured shear stress is indicative to the mixing367

direction behind the barrier. The shear stress rises with the increasing normal stress, denoting368

the downstream flow direction along the flume base. As the normal stress peaks, the shear369

stress shifts from positive to negative, denoting the upstream movement along the flume base.370

Due to the opaque feature of debris-flow slurry, further insights into the overflow-induced371

remixing is rather difficult. Some transparent two-phase flow material, in combination with372

the PIV technology, has the potential to further reveal this critical process (Sanvitale and373

Bowman 2012).374

As with the cable load profile (Fig. 13a), the response of test 40-4 demonstrates quite375

different pattern (Fig. 14a). The magnitude of basal pore fluid pressure is much lower than376

that of the normal stress and this difference denotes the nontrivial effective stress. Before the377

arrival of surge 4, the deposit of antecedent three surges is partially drained. More importantly,378

the 4th surge fails to fully remix and liquefy the drained deposit. The measured shear stress379

during overflow is also nontrivial. This helps to explain the discrepancy in the load profile in380

Fig. 13. As the deposit cannot be fully remixed, the drained deposit with effective stress381

inhibits the downward momentum transfer to the base of flume, and thus the peak cable load382

concentrates on the upper intermediate cable. Based on the distinct responses in the 0.4 and383

0.5/0.6 solid concentration overflow, we conclude that the re-liquefaction is a prerequisite for384

the downward momentum transfer.385
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6. Discussion on the overflow load model386

6.1 Source of error in the model prediction387

Comparison between the experimental measurement and overflow load model prediction388

demonstrates some discrepancy (Fig. 12). The possible source of error in term of flow depth389

H, velocity v, and turbulent coefficient ξ in Eqn. 3 is discussed in this section.390

The formation of hydraulic jump is accompanied with strong fluctuations in the free391

surface (Fig. 6b&c). We adopt the measurement of laser senor, which could largely exclude392

the spurious signal in ultrasonic sensors induced by the uneven flow surface. Due to the393

influence of the sidewall, these fluctuations are deflected into the midstream of flume, where394

the flow depth H is measured. Thus the flow depth is to some extent magnified by the395

localized fluctuation. Moreover, in the transient overflow scenario, the flow trajectory is396

deflected upwards by the barrier, which makes the measured flow depth higher than that in the397

steady overflow condition. Thus the calculated static load is higher than the true value.398

The frontal velocity v is adopted for calculation, without correction of the velocity399

profile (Faug et al. 2012) along flow depth. More importantly, the downward momentum400

transfer renders the velocity profile even complex. This could be another main source of error.401

The turbulent coefficient ξ is used to macroscopically reflect the degree of turbulence402

(Voellmy 1955), ranging from 100 to several thousand (Schneider et al. 2010). Under the403

circumstance of no effective stress, the turbulent drag is the only source of drag load.404

Sensitive analysis is not a focus of this study. However, it is clear that by adopting different405

turbulent coefficients for the cases with varying solid concentration, the model prediction406

could well match the measurement. Indeed, from the captured overflow kinematics (Fig. 6407
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and Supplementary video), the flow with solid concentration 0.4 is the most turbulent; while408

flow with solid concentration 0.6 is coherent without obvious fluctuation. This indicates that it409

is not feasible to use one set of parameters to match debris flows with distinct characteristics410

(i.e., solid concentration).411

6.2 Assessment of existing overflow load model412

The increase of load exerted on flexible barrier is composed of the turbulent drag load of413

overflow and static load due to the increase in flow depth. Somehow in the three cases with414

solid concentration 0.4, 0.5, and 0.6, the static load dominates over the drag load (Fig. 12).415

More importantly, the drag load is not merely the drag force around the interface between the416

flowing layer and the deposited debris (see Fig. 2a). The overflow fully remixes the deposit of417

solid concentration 0.5 and 0.6 (Fig. 14b&c), denoting that part of the momentum has been418

transferred downward to directly impact on the barrier (Fig. 13). While for the case of solid419

concentration 0.4, due to the high permeability at low solid concentration (Iverson and George420

2014), the deposit quickly drains to attain effective stress and the deposit is only partially421

remixed (Fig. 14a). As a result, the maximum cable load shifts upwards to the upper422

intermediate cable (Fig. 13).423

Despite the overall consistence between model prediction and experimental424

measurement, the revealed physical process is different from the assumption in existing425

overflow load model (Fig. 2a). Specifically, the pressure distribution behind the barrier is not426

hydrostatic and the downward momentum transfer makes the velocity profile rather427

complicated (Fig. 2b). With the model assumption in Fig. 2a, the designed cable load of428

flexible barrier might be underestimated. This experimental study also reveals the complexity429
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of debris-barrier interaction, where the properties of debris flow itself (i.e., solid-fluid430

interaction and evolution of effective stress) could have primary influence.431

It should be noted that, this study evaluates the existing overflow load model based on432

the measured flow depth and velocity downstream the hydraulic jump (i.e., h3 and v3 in Fig.433

2b). Whereas in practical engineering design, the only known information is the incoming434

flow depth and velocity (h1 and v1 in Fig. 2b). A rigorous overflow load model for dry435

granular flow has been proposed by Faug et al. (2012), which strictly follows the conservation436

of momentum through the inflow and outflow information. More importantly, the model only437

uses incoming flow depth and velocity to predict the outflow information and thus the total438

force on barrier. A similar overflow load model is warranted for two-phase debris flows,439

although the debris-barrier interaction is much complicated with hydraulic jump and remixing440

of deposits. By taking the zone affected by the barrier as control volume (see Fig. 2b), we can441

largely bypass the complex interaction around the barrier. The controlled physical442

experiments with visualization of flow field and development of new overflow load model are443

under progress.444

7. Conclusions445

The estimation of load by debris-flow overflow is not only a key procedure for design of446

multiple debris-resisting barriers, but also serves as a stringent approach to inspect the447

dynamics of this two-phase geophysical flow. Through experimentally investigating the448

overflow kinematics, total impact load, load profile, and state of deposit behind the barrier,449

the key processes of debris flow overflowing flexible barrier is revealed. The possible source450

of error in the prediction of overflow load model and the limitation of current model are also451
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discussed. The key conclusions of this study may be drawn as follows:452

1. The performance of ultrasonic sensor and laser sensor for measuring unsteady flow depth453

is compared. Due to the distinct working principles, ultrasonic sensor could only detect454

the crest or splash of flow waves as the free surface, regardless of the solid concentration455

of the flows. Thus the flow depth under turbulent flow condition could be substantially456

overestimated in the field monitoring. While laser sensor could characterize many details457

(fluctuations) of the turbulent flow, but can only be used for the opaque flow surface (at458

high solid concentration).459

2. Hydraulic jump forms as the incoming flow approaches the static deposit behind the460

barrier, which substantially elevates the overflow depth at the flexible barrier. This461

process is a result of the complicated debris-barrier interaction and is not considered in462

the current overflow load model.463

3. The basal measurement confirms negligible effective stress for solid concentration up to464

0.6. Thus the turbulent drag seems to be the only component of the drag load. Ratio465

between the turbulent drag and dynamic impact indicates that about 10% of the466

momentum flux is resisted in the overflow process. This is an effective approach to467

estimate the drag load in the scenario of negligible effective stress. Decomposition of the468

total force further reveals that the increase in total force is actually dominated by the static469

load due to elevated flow depth, rather than the turbulent drag (momentum change).470

4. The re-liquefaction is a prerequisite for the downward momentum transfer. For the 0.4471

solid concentration flow, the deposit is partially drained and the effective stress hinders472

the remixing of static debris to the flume base. As a result, the maximum cable load473
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concentrates on the upper intermediate cable. In contrast, the deposits for high (0.5 and474

0.6) solid concentration overflow cases remain liquefied for the four impact-overflow475

surges, and the position of maximum cable load shifts downwards.476

This experimental study reveals the physical processes (hydraulic jump and overflow)477

and load characteristics of debris flow overtopping a model barrier, which is fundamental and478

crucial for understanding the debris-flow overflow mechanisms. Nevertheless, the flow depth479

and velocity are directly measured downstream the hydraulic jump as inputs for the overflow480

model evaluation. Thus it is far from enough for practical engineering design where only the481

incoming-flow information is available. A model considering the full physical processes and482

replying on the incoming-flow information is warranted.483
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List of figures

Fig. 1. Closely installed multiple debris-flow flexible barriers upstream a railway at west of
Beijing.

Fig. 2. Debris flow overflowing the barrier (a) overflow with dead zone forming behind the
barrier (Kwan 2012; Wendeler et al. 2019); (b) overflow with hydraulic jump and circulating
zone behind the barrier. Load from discrete boulders is not considered.

Fig. 3.Model setup and instrumentation (a) flume setup, the model flexible barrier is installed
150 mm behind basal sensing module 2; (b) up side and bottom side of basal sensing module;
(c) model flexible barrier setup.

Fig. 4. Particle size distribution of debris flow material

Fig. 5. Characterization of flow regime at basal sensing module 1 for test (a) 40-4; (b) 50-4;
and (c) 60-4.

Fig. 6. Processes of surge 4 of solid concentration 0.5 (test 50-4) overflowing the barrier (a) t
= 1.45 s, incoming flow; (b) t = 2.23 s, formation of hydraulic jump; (c) t = 3.25 s, overflow;
and (d) t = 4.34 s, end of overflow. t = 0 s denotes opening of the gate.

Fig. 7.Measured flow depth of surge 4 of solid concentration 0.5 (test 50-4) at (a) laser sensor
1 (ultrasonic 1 malfunctioned), inset: working principle of ultrasonic sensor and laser sensor
on undulating surface; (b) ultrasonic and laser sensor 2; and (c) ultrasonic and laser sensor 3.

Fig. 8. Measured cable force and calculated normal impact force of 0.4 solid concentration
impact (a) cable force; (b-e) normal impact force of test 40-1, 40-2, 40-3, and 40-4. The total
normal impact force (summation of normal impact forces on four cables) is also shown.

Fig. 9. Measured cable force and calculated normal impact force of 0.5 solid concentration
impact (a) cable force; (b-e) normal impact force of test 50-1, 50-2, 50-3, and 50-4.

Fig. 10. Measured cable force and calculated normal impact force of 0.6 solid concentration
impact (a) cable force; (b-d) normal impact force of test 60-2, 60-3, and 60-4.

Fig. 11. Comparison between theoretical load (with dynamic pressure coefficient α=1.5 and
static pressure coefficient k=1) and measured load (a) assuming the momentum of
overflowing surge is completely resisted by the barrier; (b) with consideration of overflow.
Solid symbols denote results of the 4th (overflow) surges.

Fig. 12. Comparison between measured and calculated total force for test (a) 40-4; (b) 50-4;
and (c) 60-4.

Fig. 13. Cable load profile of normal impact force at the moment of peak drag force

Fig. 14. Evolution of normal/shear stress and pore fluid pressure at basal sensing module 2 of
test (a) 40-4; (b) 50-4; and (c) 60-4.
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Fig. 1. Closely installed multiple debris-flow flexible barriers upstream a railway at west of
Beijing.
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Fig. 2. Debris flow overflowing the barrier (a) overflow with dead zone forming behind the

barrier (Kwan 2012; Wendeler et al. 2019); (b) overflow with hydraulic jump and circulating

zone behind the barrier. Load from discrete boulders is not considered. v1 and h1: incoming

flow velocity and depth; v2 and h2: flow velocity and depth after hydraulic jump; v3 and h3:

flow velocity and depth over the barrier.

(a)

(b)
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Fig. 3.Model setup and instrumentation (a) flume setup, the model flexible barrier is installed
150 mm behind basal sensing module 2; (b) up side and bottom side of basal sensing module;
(c) model flexible barrier setup. All units in mm.
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Fig. 4. Particle size distribution of debris flow material.
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Fig. 5. Characterization of flow regime at basal sensing module 1 for test (a) 40-4; (b) 50-4;
and (c) 60-4.
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Reflected wave
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(a) (b)

(c) (d)
Fig. 6. Processes of surge 4 of solid concentration 0.5 (test 50-4) overflowing the barrier (a) t
= 1.45 s, incoming flow; (b) t = 2.23 s, formation of hydraulic jump; (c) t = 3.25 s, overflow;
and (d) t = 4.34 s, end of overflow. t = 0 s denotes opening of the gate.
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Fig. 7.Measured flow depth of surge 4 of solid concentration 0.5 (test 50-4) at (a) laser sensor
1 (ultrasonic 1 malfunctioned), inset: working principle of ultrasonic sensor and laser sensor
on undulating surface; (b) ultrasonic and laser sensor 2; and (c) ultrasonic and laser sensor 3.

(a)

(b)

(c)

Reflected wave
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Fig. 8.Measured cable force and calculated normal impact force of 0.4 solid concentration impact (a) cable force; (b-e) normal impact force of test 40-1, 40-2,
40-3, and 40-4. The total normal impact force (summation of normal impact forces on four cables) is also shown.

(a)

(b) (c) (d)40-1 impact force 40-3 impact force 40-4 impact force
(with overflow)40-2 impact force (e)

Total impact force
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Fig. 9.Measured cable force and calculated normal impact force of 0.5 solid concentration impact (a) cable force; (b-e) normal impact force of test 50-1, 50-2,
50-3, and 50-4.
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Fig. 10.Measured cable force and calculated normal impact force of 0.6 solid concentration impact (a) cable force; (b-d) normal impact force of test 60-2,
60-3, and 60-4.
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(with overflow)
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Fig. 11. Comparison between theoretical load (with dynamic pressure coefficient α=1.5 and
static pressure coefficient k=1) and measured load (a) assuming the momentum of
overflowing surge is completely resisted by the barrier; (b) with consideration of overflow.
Solid symbols denote results of the 4th (overflow) surges.

(a)

(b)
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Fig. 12. Comparison between measured and calculated total force for test (a) 40-4; (b) 50-4;
and (c) 60-4.

(a)

(b)

(c)
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Fig. 13. Cable load profile of normal impact force at the moment of peak drag force
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Fig. 14. Evolution of normal/shear stress and pore fluid pressure at basal sensing module 2 of
test (a) 40-4; (b) 50-4; and (c) 60-4.
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