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Abstract

:

Rock avalanches and landslides lead to gravitational flow into their runout areas, which poses increasing danger to settlement areas and infrastructure in the Alpine region as a result of climate change. In recent years, a significant increase in extreme events has been registered in the Alps due to climate change. These changes in the threat to settlement areas in the Alpine region have resulted in the need for the construction of sustainable protective structures. Many structures are rigid, but others are now also increasingly flexible, e.g., net and dam structures, which are mainly earth dams with geogrids. In this study, empirical model experiments and numerical simulations were carried out to estimate the flow depth, the deposition forms and the effects on protective structures. Numerical programs usually require unknown input parameters and long computation times for a realistic simulation of the process. This study shows the results of model tests with different granular materials. Furthermore, different design approaches of different authors are presented. Finally, a design model based on the model tests of the University of Innsbruck for rigid barriers, nets and dams due to rock avalanches is presented.
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1. Introduction


Rock avalanches and granular flows in steep terrain attain high velocities and consequently cause large impacts on protective structures. The total impact is a function of the size, thickness, velocity, geological and geotechnical properties of the mass movement, the subsurface properties and the stiffness of the structure. In general, the estimation of the total quasi-static equivalent impact on the structure is performed by summing up a static part under the consideration of a pressure coefficient and a dynamic part, which is formed from the velocity, flow height, impact area and an empirical coefficient. In many approaches, the temporal course of the action is not taken into account, and thus the fact that the maximum static action and the maximum dynamic action do not load the structure at the same time should be accounted for. However, for the design and verification of protective structures (rigid concrete structures, protection embankments or flexible structures), the duration and the development over time of the action are important. On the other hand, in this context, it is necessary to discuss which safety level is to be selected for the design event (partial safety factors) and for which actions the ultimate limit state and the serviceability limit state are to be fulfilled. For an economic construction method, the question also arises as to what damage is just acceptable to such protective structures.




2. Aims of this work


There are a number of empirical approaches to estimating the impacts on protective structures for the debris flow process. However, the fundamentals for impacts from the processes of landslides and rock avalanches have not yet been investigated to such an extent that they have been taken into account in regulations in order for them to provide a sufficient basis for a design. In order to estimate the course of the process, the flow depth and the impacts on rigid and flexible protective structures as well as on embankments for “dry” granular flow processes, extensive model experiments and back calculations were carried out in this work using the ROCKY ® software from ESSS. The aim of the investigations was to provide empirical formulas based on the quasi-static method for the different types of structures based on geotechnical theories, such as the development of earth pressure, which in Austria is known as “creep pressure theory”. In the first phase of our investigation, the results of [1] were repeated and evaluated. In the next step, the results were extended with additional test material and various protective structures. The comparison of the different model experiments and the numerical simulations with the help of the discrete element method (DEM) from the literature showed a large scattering of the results depending on the grain sizes and grain shapes, the internal dynamic friction angles, the roughness of the flume and the inclination of the barrier on the channel. Relatively large differences in the maximum impact force were noticeable at inclinations of the flume of more than 45° [2]. A significant influence on the magnitude of the maximum impact force is the dead zone created in front of the protective structure, on which the subsequent, still undisturbed granular flow impinges [3]. The dependence of the impact on the shape of the dead zone is discussed in this paper. Of crucial importance is the force dependence on time and the maximum total impact force determined from it. Therefore, the results of the model experiments for this work were compared with the maximum impact forces of the model experiments from the literature [1,2,4,5,6,7,8,9], and the findings from numerical simulations and the empirical approximation formula were compared.




3. Model Experiments with Dry Granular Flow


3.1. Flume Apparatus of the University of Innsbruck


Extensive investigations have already been carried out with the flume apparatus of [1], which were published by [10]. It was possible to observe the dry granular flow and to measure the impact on different types of structures. The flume consists of a reservoir, an automatic gate and an inclined plane up to the barriers. Figure 1 shows the flume, the rigid barrier, the flexible barrier and the protection embankment. The lateral acrylic walls allow for the visual inspection of the process and enable a two-dimensional image of the flow along the flume to be taken. In the reservoir, the material was placed in an uncompacted state before the experiment. The gate can be opened in less than 0.15 s.



A fundamental issue in conducting model experiments is the scaling of test results. Dimensional analysis makes it possible to relate model experiments to the prototype. In fluid mechanics, a distinction is made between geometric, dynamic and kinematic similarity. Geometric similarity is found when all geometric dimensions are reduced by the same scale factor λ. The Froude number sets the inertial force of the mass under investigation in relation to the force of gravity. For an open channel, the Froude number results from the velocity   v ,   the gravitation g and the characteristic flow depth    h f    [11].


  F r =  v    g    h f       



(1)







If Froude’s model law is applied, the individual scale factors (e.g., velocity    λ v    or force    λ F   ) can be determined as a function of the geometric scaling factor (λ). The scale factors for the velocity    (   λ v   )    and the force (   λ F  )   therefore equal


    λ v  =  λ    ;    λ F  =  λ 3    



(2)







The resulting scaling factors with respect to the investigation of impacts on protective structures can be taken from Table 1. If scale factors are used to interpret the model results, the individual parameters (e.g., velocity or flow depth) must be checked for plausibility. Parameters of the real prototype can be determined from observations or back calculations. According to [12,13,14], velocities of approximately 30–40 m/s are realistic values for rock avalanches and granular flows. In addition, the maximum grain size in the model experiments should represent the grain size range for cobbles or boulders (cobbles < 200 mm < boulder).



On the north face of Piz Cengalo in Switzerland, a landslide with an estimated volume of about 3.1 million m3 occurred in August 2017 [12]. During the mass flow, the individual blocks and stones (granodiorite) collided and fragmented. The subsequent contact of the rock mass on the underlying glacier (Vadrec dal Cengal) resulted in water absorption by the rock avalanche. This is reported to have increased the velocity of the mass movement from about 55 m/s to 75 m/s. The quantities compiled from the documented observations are summarized in Table 2. A comparison between the parameters of the model experiment of the University of Innsbruck and the observations or the back calculations results in a possible scaling factor between λ = 30 and λ = 50 (Table 1).



In order to investigate the influence of grain size, grain roughness and grain size distribution, four different materials were selected for the model experiments. These consisted of sand with a grain size of 0.5/1.0 mm, a mixture of sand and gravel (grain size 0.5/1.0 mm and 4.0/8.0 mm) and steel and glass spheres with a diameter of 2 mm. Due to the high density of steel, the low “grain roughness” of the smooth steel spheres and the resulting high velocities, an upper bound of the impacts can be determined. The friction angles φdyn between particles and between the particle and the flume (φb), as well as the densities (ρ), can be taken from Table 3. The determination of the friction angle φdyn and φb was determined following Hungr (2008). The dynamic internal friction angle of the material between the individual particles (φdyn) was determined with tilt tests, with sliding of the bulk material caused by continuously increasing the inclination of the plane. In addition, shear tests were also carried out for the natural sand material and the mixture. The maximum slope angle along the flume was defined to determine the friction angle between the material and the sliding plane. A reservoir was filled with model soil, and then the inclination of the plane was gradually increased until the maximum possible angle was reached. All model tests were carried out with 25 kg of each test material. A total of 185 laboratory experiments with different materials and barriers were carried out (Table 4).



The flow was recorded by video (three cameras with 1020 × 720 px, 100 fps). The impact force on the barriers was measured with a load cell (type Hottinger Brüel & Kajer (HBM, Vienna, Austria)—U10 Force Transducer/1.25 kN, 4800 Hz). Two high-performance laser distance sensors (type, Baumer, Frauenfeld, Switzerland, OM70-L0600 2400 HZ) were used to determine the flow height ℎf. By placing the two lasers at a distance of approximately 27.5 cm, the velocity of the granular mass was also able to be determined from runtime measurements. In addition, the velocity was determined with the help of a line grid at a distance of 5 × 5 mm and the video recordings. The evaluation of the geometric quantities and the forces from the laboratory experiments, as well as the determination of the dimensionless Froude number Fr, can be taken from Table 5.




3.2. Experiments with Rigid Barrier


The rigid barrier consisted of an 8 mm-thick steel plate (Figure 2). A total of 91 laboratory experiments with different materials and inclinations θ were carried out with the rigid barrier.



A total of 185 experiments were available for the interpretation of the mean values of the flow properties. The characteristics of the granular flow included the mean velocity v immediately before hitting the barrier, the mean of the flow height hf and the mean Froude number Fr. Table 5 shows the mean values of all laboratory experiment results depending on the material and the inclination of the flume θ. The impact forces Fpeak and Fstat on the rigid barrier resulted from the 91 laboratory experiments that were carried out.




3.3. Experiments with Flexible Barriers—Nets


For the experiments with flexible barriers, three different stiffnesses were used for the nets. By choosing a very stiff, flexible barrier, a very elastic, flexible barrier and a barrier that lies between them in terms of stiffness, the influence of the stiffness of the barrier on the actions was able to be investigated. For the stiffest flexible barrier, a grid made of glass fibers with a mesh size of 1.5 × 1.5 mm was chosen. The other two barriers used were cotton fabrics with different stiffnesses. Figure 3 shows the tensile tests used to determine the extensional stiffness for the three meshes. To investigate the effects on flexible barriers, a total of 62 laboratory experiments were carried out with the mixture and glass spheres. The glass spheres had a density similar to soil with an almost perfect surface. This made it possible to better describe the influence of the interaction between the individual particles.




3.4. Experiments with Protection Embankment


To investigate the effects of rock avalanches on a protection embankment, two different types of embankments—embankments with and without geotextiles—were investigated in the experiments. The embankments without geotextiles were designed with an inclination to the flume on the impact side of approximately 3:2, and with a crown width of 6 cm and a height of 30 cm. The embankments with geotextiles were designed as geogrid-reinforced embankments with a slope on the action side of 70°, a crest width of 6 cm and a height of 30 cm (Figure 4). The spacing of the model geogrids [15] was 2 cm. A total of 35 laboratory experiments were carried out to investigate the effects on the embankment.





4. Interpretation of the Laboratory Experiments


4.1. Kinematics of the Granular Flow on Rigid Barriers


The flow process can be divided into three phases (Figure 5). During phase 1, there is an acceleration of the dry granular flow. The maximum impact force Fpeak on the rigid barrier is reached in phase 2. In the last phase, phase 3, there is a reduction in the residual value Fstat. In phase 1, the dry granulate reaches velocities of up to 7 m/s, depending on the inclination of the flume θ and the material. In this work, a rigid, fixed structure with a steel plate as a barrier was used. In [4], it was reported that, already with a displacement in the rigid barrier of 3%, a reduction in the resultant force of 40% was measured.



The analysis of the 185 laboratory experiments of the dry granulate revealed that both the velocity and the flow height hf increased with the increasing inclination of the flume θ. The plot of the Froude number Fr in relation to the inclination of the flume θ shows an analogous behavior. These observations apply irrespective of the density and grain shape of all materials used.



Figure 6a–d show the impact force–time history on the rigid barrier for phases 1 to 3 for the various materials (sand, mixture, glass and steel spheres) at different inclinations of the flume θ. The major differences between the steel spheres and the natural material (sand and mixture) are striking. While only a very slight dissipation of energy occurred in phase 2 with the steel spheres, this effect was clearly recognizable with the natural material. At time t = 0, the energy was only formed by the potential energy EPOT, and the shares of the kinetic EKIN and total dissipative energy ETDE were zero. With the start of the flow process, the kinetic energy EKIN increased disproportionately with a simultaneous drop in the potential energy EPOT until the granular flow hit the barrier in phase 2. The following phase, phase 3, was characterized by a rapid decrease in the kinematic energy EKIN to zero and a more or less constant fraction of the potential EPOT and total dissipative energy ETDE. This relationship E = EPOT + EKIN + ETDE and the differences depending on the stiffness of the barriers were described in detail in [8,16]. For the natural material sand and the mixture, there were small differences between the static (phase 3) and dynamic (phase 2) impacts on the rigid barrier (Figure 6a,b). In contrast, the ratios of the peak impact force Fpeak in phase 2 to the static force Fstat in phase 3 were between 1.1 and 3.0 for the steel spheres and between 1.0 and 1.7 for the glass spheres (Figure 7a). This can be explained by the fact that there was a significantly lower share of the total dissipative energy ETDE. For the sand and mixture materials, the ratio Fpeak/Fstat ranged between 1.0 and 1.15 (Figure 7b). Transferred to the soil mechanical properties, these results mean that, in the case of dry rock avalanches from a quarry area with a low rock strength and greater potential for fragmentation, the impact forces are lower, and an estimate of these can also follow from static considerations. A large slope in the impact force–time diagram is an indication of higher velocities and, correspondingly, greater maximum impact forces Fpeak. A lower internal friction angle of the material also caused a higher load in phase 2 compared to phase 3. For materials with a lower density and non-spherical particles, the occurring forces were considerably lower. The glass spheres had a similar density to the sand and the mixture, but the impact of the sand and the mixture was significantly lower, and a low pronounced maximum impact force Fpeak occurred. In contrast, a very high maximum impact force Fpeak occurred with the steel spheres, which corresponded to up to three times the static force Fstat (Figure 7a).



Figure 7a,b show the Fpeak/Fstat ratios as a function of the Froude number Fr. For the sand and the mixture, the ratios were between 1.0 and 1.15. It should be noted that the Froude numbers from the model experiments, which were approximately 5–13, agree relatively well with those of the rock avalanches from the documented natural events, which were approximately 3 to 15 (Table 2). In phase 3, the magnitude of the static force Fstat was determined by the deposition geometry (height and inclination) of the material at the barrier and the basal friction angle φb between the flume and the material. The static impact force Fstat effect of the steel spheres with φroll = 0° was thus exclusively due to the deposition geometry, since no force component tangential to the flume reduced the force effect on the barrier.



An interesting observation was made when comparing the impact force effect of corroded steel spheres with smooth steel spheres. The use of rough steel spheres led to a lower maximum impact force Fpeak but, at the same time, a higher static force Fstat (Figure 8). This can be explained, on the one hand, by there being a higher total dissipative energy ETDE in phase 2 and, on the other, by there being a larger deposit body in phase 3. This finding makes clear the sensitivity of the effects caused by the surface roughness and the shape of the particle or grain. The influence of surface roughness on rheological parameters was studied in [17].



As also described in [18], the smooth surface of the particles led to fast and thin rock avalanches. In contrast, particles with a rough surface resulted in relatively slower and thicker rock avalanches.



During phase 3, a thin jet of steel spheres rode up the face of the barrier (so-called “run-up”) and then fell down [1]. A small amount of sand flowed upwards along the rigid barrier, and a sand wedge (dead zone) was created between the barrier and the transport level. The following material flowed continuously over the dead zone (so-called “pile-up”). This resulted in a significant attenuation (deflection) in the impact force from the subsequent granular flow. The dead zone was significantly higher than it was with steel spheres. The mixture rode up immediately after impact. The gravel grains reached higher velocities than the sand particles, the mixture segregated and the gravel grains moved turbulently. Increasingly, a wedge (dead zone) built up between the barrier and the transport level. The following material flowed over this wedge. In the final state, segregation was clearly visible in the mixture. The large particles (gravel) tended to be at the top, and the smaller particles (sand) tended to be at the bottom. The sand particles migrated downwards, partly due to the larger gaps between the gravel grains (sieve effect). On the basis of the video recordings, it can be seen that the effect of segregation already developed during phase 1 along the transport plane. Transferred to nature, this finding would mean that in the presence of blocks with a higher compressive strength in phase 3, a “run-up” effect is to be expected and thus a higher freeboard for the barrier must be provided. In contrast, if the particles are more intensively fragmented in the flow process, a larger catchment ditch is necessary. The authors of [5] proposed that, for a rigid barrier, a dead zone can attenuate the dynamic impact of the subsequent granular flow on the barrier by redirecting the flow.



The phenomena “run-up” and “pile-up” can be illustrated most clearly for the sand and steel spheres. While the steel spheres rode up vertically on the barrier (“run-up”), a continuous “pile-up” of the already dead zone in front of the barrier was observed with the sand. Figure 9 illustrates that the phenomenon depends on the material and the inclination of the flume. In the case of sand, an overflow “pile-up” was observed at an inclination of 28°, and the “run-up” effect was observed from an inclination of 35.9°. Transferred to nature, this finding could mean that for slopes with an inclination close to the friction angle of the rock avalanche, the “pile-up” phenomenon occurs, and for higher inclinations, the “run-up” phenomenon occurs. For the first case (pile-up), a longer catchment ditch and thus a greater distance between the barrier and the beginning of the runout area are required. For the second case (run-up), higher protective structures would be required to ensure a sufficient freeboard. Accordingly, a realistic assessment of the internal shear strength of the particles of rock avalanches is of decisive importance for the choice and location of the protective structure.



During the impact of the rock avalanche (dry granulate) on the rigid barriers, the deformation of the barrier and the dissipation of energy led to effects that reduced the maximum impact forces. The authors of [4] have already described these effects in their work.




4.2. Test Results with Flexible Barriers


The flexible barriers (Figure 10) behaved similarly to the rigid barriers in the model experiments. For all three investigated barriers with different net stiffnesses, an increase in the maximum impact force    F  p e a k     with the increasing inclination angle θ of the flume was observed. It is remarkable that, for the flexible barriers, there was almost no change in the static force Fstat due to a change in the inclination of the flume of 38.8° (Figure 11a,b). As the stiffness of the nets decreased, the maximum impact force Fpeak increased, while the static impact force Fstat remained constant. The reason for the greater maximum impact force with the soft nets can be explained by the filling process, which consisted of the filling height hstat and the expansion f of the nets (Figure 10). This phenomenon has already been observed by [1].



Figure 11a,b compare the forces of the different flexible and rigid barriers for the respective inclinations of the flume θ. The effects of increasing elasticity on the impact force can be clearly seen in the diagrams. For the flexible barriers, forces of at least the same magnitude of, but predominantly even greater than, those for the rigid barriers were measured. Especially at the inclinations of 30.2° and 38.8°, the maximum impact force Fpeak of the nets was much higher than the maximum impact force Fpeak of the rigid barrier. At the inclination of θ = 35.8°, similar force procedures were measured for all investigated barriers. Here, the procedures of the different barriers overlapped for the most part. It can be read from the diagrams that the maximum impact force Fpeak increased as a function of the stiffness of the flexible barrier. At first sight, the results are untypical for flexible barriers, since according to theory, the deflection and elongation of the barrier type should result in a force reduction compared to the rigid barrier. When the first particles hit the rigid barrier, there was a damping effect in the dead zone for the following material. This effect could not be observed with the flexible barriers. In addition, the flexible barrier was able to interact with much more material than the rigid barrier during dynamic impact. During the experiments, it was observed that, with the increased flexibility, the first grains of the material decisively deflected and stretched the mesh. The remaining, subsequent material was then subsequently channeled into the deflected net, and an increased maximum impact force Fpeak was observed.



Comparable results were observed in the laboratory experiments by [1]. They also did not observe any significant differences in the measured forces for the rigid and flexible barriers. The authors of [1] concluded that barriers with too much flexibility lead to a higher measured impact force. It was further stated that a limited amount of flexibility should be ideal for barriers, with a barrier that is too rigid again negating the benefits of the flexible barrier. The authors concluded from their experiments that flexible barriers under the effect of a mass movement are conceptually different from flexible barriers under the effect of a rockfall, as in the latter, the increase in the impulse duration results in a reduction in the total load.



In [19], a non-linear finite element model was used for the back analysis of laboratory experiments carried out with a centrifuge. Among other things, the effect of the barrier stiffness on the forces occurring with the flexible barrier was determined. In order to be able to compare the results with different stiffnesses, variations in the rope stiffness were included in the numerical model. In the model considered (Figure 10), the tangential rope force T was decomposed into a component normal to the barrier TI and a horizontal component TH. The sum of the two components normal to the barrier was the total measured force. The normal impact force TI was relatively insensitive to the barrier stiffness. The impact force varied by only 20% within the entire stiffness range by a factor of 80. The normal force T in the ropes was very sensitive with regard to the stiffness of the barrier, and this was only due to geometric effects. A lower barrier stiffness facilitated larger barrier deflection and a larger deflection angle. The cable force was reduced accordingly, even though the impact force remained constant. The authors of [20] also pointed to the structural problems with erosion and scour in flexible nets. For flexible barriers, [21] showed that the dynamic coefficient for rock avalanches with a grain diameter between 15 and 30 mm was α = 2.0, and for debris flows α = 0.5. The lower value for debris flows is justified by the flow through the flexible protective net.




4.3. Test Results with Protective Dams


Figure 12 shows the force–time histories for the earth dams and geogrid-reinforced dam for the different materials. Analogous to the rigid barrier, the steel and glass spheres reached the highest impact force Fpeak. The peak impact forces Fpeak were also achieved here by the steel spheres. If the test results for the individual dam types are compared at an inclination of 30.2°, it can be seen that a consistently higher peak impact force Fpeak was obtained for the earth dam type, irrespective of the material used. The same material was used for both types of embankments. A transverse distribution through the geogrid-reinforced elements in the dam can be neglected due to the small width of the laboratory experiments (32.5 cm) and the measurement of the force as a total impact. The geogrid-reinforced embankment can be made much steeper on the impact side (Figure 4). A steeper slope encouraged the faster formation of a dead zone. Further impulsive effects of the material were thus reduced. In Figure 12, it can be seen that the geogrid-reinforced embankments for the mixture and the glass spheres were subjected to less action.




4.4. Comparison of Impacts for Rigid Barriers, Flexible Structures and Embankments


For the mixture, the Fpeak/Fstat ratio for rigid barriers reached 1.15, and for flexible barriers, a value of up to 1.30 was reached. For dams, however, the ratio of Fpeak/Fstat, 1.06, was significantly lower (Figure 13a). It can be seen from the results that the variation was independent of the Froude number. The results show the advantage of embankments. The test results confirm the behavior of flexible structures compared to rigid barriers, as already described by [1,19]. No lower Fpeak values for flexible barriers than for rigid barriers were observed. On the contrary, predominantly larger maximum impact forces were mostly found for the flexible nets. The embankments can be assessed as a favorable protective structure when considering the static and dynamic impacts.




4.5. Comparison of the Laboratory Experiments with the DEM Simulation


For this work, simulations were carried out using the DEM software ROCKY® from ESSS to verify the experimental results. In the DEM calculation, each individual particle was modeled as an independent unit. In addition, the relationships between the particles and the particles and the flume can be defined. The geometry was able to be read with an inclination of the flume of 0° (horizontal). For the computer simulations, a so-called inlet was defined for the particles. In order to be able to guarantee a realistic simulation, this inlet of the particles was placed half a meter above the flume of the reservoir. This inlet filled the reservoir with 25 kg of material within the first second of the simulation. After all particles were created, the gate was opened and the material started to flow. For the steel spheres, sphere particles with a diameter of 2 mm were defined. These had a mass of 25 kg and a steel density of 7850 kg/m3, which resulted in approximately 760,000 particles. It was observed that the elastic modulus of the material had only a very small, negligible influence on the results, but a very large influence on the necessary calculation time. For the calibration, a parameter study was carried out with the following parameters:




	-

	
Coefficient of friction particle–particle: sand = 0.61; mixture = 0.66.




	-

	
Coefficient of friction particle–flume: sand = 0.50; mixture = 0.48.




	-

	
Rolling friction coefficient: sand = 0.52; mixture = 0.45.




	-

	
Restitution factor particle–particle: sand = 0.35; mixture = 0.15.




	-

	
Restitution factor particle–flume: sand = 0.55; mixture = 0.55.









These parameters were varied for the respective material until a result was achieved that was in accordance with the laboratory experiments in the simulation. Figure 14 shows the simulation results in comparison to the measured forces of the mixture at a slope of 35.8°. The results of the simulation reflect the observed run-up process. For the description of the interaction between the particles or between the particles and the flume, the normal force interaction was considered in the numerical DEM simulation using a linear spring dashpot model, and the tangential force was considered by means of a linear spring model with Coulomb limit. In the simulation, the friction coefficient between the particles for the material was chosen to be between 0.61 (sand) and 0.66 (mixture). The coefficients of friction between the particles and the model were assumed to be 0.50 (sand) and 0.48 (mixture). The restitution factor between the particles was 0.35 for the sand and 0.15 for the mixture. The restitution factor between the particles and the flume was 0.55 for both the sand and the mixture. For the sand and the mixture, the rolling resistance factor was considered to be 0.52 and 0.45, respectively. For modeling the almost perfectly round particles (e.g., steel spheres), the rolling resistance factor was assumed to be 0.





5. Comparison of the Effects of Debris Flows and Rock Avalanches with Different Design Approaches for Rigid Structures


The original notation in the following equations was taken directly from the publications of the indicated authors. Definitions of these parameters, if not given, can be taken from the respective publications.



5.1. Comparison of the Laboratory Experiments of this Work with the Design Approaches According to Ng et al. for Debris Flows


For the laboratory experiments in the centrifuge, the maximum impact forces Fpeak on the rigid and flexible barriers were investigated using the approach of [5]. For this purpose, the water–solid mixture was varied with a solid content of 0 to 50%. The results of the dynamic impact Fpeak were then used to determine the dynamic coefficient    α p   . To determine the dynamic coefficient    α p   , Equation (3) was used:


   F  p e a k   =  α p  · ρ ·  v 2  · sin  β *  ·    h f  · w  



(3)







* sin(β) is determined as a function of the measurement of the flow height, where    h f    is the flow depth, w the width of the barrier and  β  is the angle between the barrier and the flume. The results, according to [22], enable the determination of the distribution of the dynamic coefficients over the normalized barrier height H/hf (height of barrier/flow depth). The lowest dynamic coefficient results were found for the material with 0% solid content. The largest dynamic coefficients were achieved by the material with 50% solid content. In Figure 15, the dynamic coefficients    α p    from the various publications and the laboratory experiments from this work are compared.




5.2. Comparison of the Laboratory Experiments of this Work with the Hydrodynamic Approaches for Debris Flows


For impacts on rigid structures from debris flow processes, various approaches are presented in the literature, some of which are contradictory. A common approach for estimating the impact from a debris flow, based on the momentum theorem, can be taken from [23], according to which the sum of the static force FSt and dynamic force FDyn (Equation (4)) is to be used to determine the total impact. For the dynamic impact in Equation (6), the dynamic coefficient α was set to be equal to 1.0. The measured maximum impact force from the laboratory experiments Fpeak for this work was subsequently compared with the dynamic impact Fpeak calculated using Equations (6) and (7), and the impact coefficient α was determined. For the smooth steel spheres, the impact coefficient α was four times higher than that for the natural grains. The impact coefficient α of the glass spheres was still twice as high as that of the sand and the mixture. The decrease in the impact coefficient α due to the rough surface of the corroded steel spheres is striking, with the impact coefficient α lying between 0.78 and 1.11. The largest differences between [23]’s approach for debris flows and the laboratory experiment results occurred in the case of sand, for which the impacts based on the approach according to [23] were up to approximately eight times higher. For the mixture, the calculated results with Equation (7) were approximately two times higher than the measured results. Transferred to nature, this finding would mean that impacts on rigid structures from rock avalanches estimated on the basis of the impulse theorem with an impact coefficient α = 1.0 for debris flow-like processes are on the safe side. Consequently, water in the debris flow or rock avalanches leads to significantly higher impacts.


   F M  =  F  S t   +  F  D y n    



(4)




with


   F  S t   = 0.5   ·    ρ M    · g   ·  A  S t   ·  h f   



(5)






   F  D y n   =  ρ M    ·  A  Q d y n       ·  v 2   



(6)






  α =    F  D y n , g e m     ρ    v 2  b    h f     



(7)








5.3. Comparison of the Test Results of this Work with the Design Approaches According to Ho et al. for Debris Flows


According to the design approaches of [24], for debris flows, the pressure is composed of a dynamic pressure component    p d    and a static pressure component    p s   . The maximum pressure    p d    is given by


   p d  =  α p    · ρ ·  v 2   



(8)




where    α p    is the dynamic coefficient,  ρ  is the density and v is the velocity. For a rigid barrier, a dynamic coefficient    α p    = 2.5 is recommended. The static pressure is obtained from


   p s  = K   · ρ · g   ·  h  f      



(9)




with the lateral pressure coefficient denoted by K, the acceleration due to gravity denoted by g and hf denoting the dumping height at the end of the process. The recommended value for K is given as 1. If the calculated dynamic impacts are compared with the results of the laboratory experiments with the inclined flume, it can be seen that the calculated maximum impact forces Fd with    α p    = 2.5 clearly overestimated the maximum impact forces F peak measured. In contrast, however, the static forces Fstatic with K = 1 and Formula (9) were underestimated compared with the laboratory experiments (Figure 16).




5.4. Design Approach According to Ashwood and Hungr for Rock Avalanches


The maximum impact forces according to [1] differ by a constant factor  α  of 0.5 compared to the approach   ρ    v 2  b    h  f       for debris flows (Equation (10)).


   F  p e a k , H u n g r   =   0.5   · ρ ·    v 2  · b   ·  h  f      



(10)








5.5. Newly Proposed Impact Model for Barriers According to Choi et al. for Dry Granular Flow


The authors of [25] proposed that, for a rigid barrier solved by [26], the relationship between the hydrodynamic force (Equation (12)) and the hydrostatic force (Equation (13)) can be expressed as follows:


   F  s t a t   =   0.5   · ρ ·   g ·  h  f       2  · w · cos θ = 0.5   · ρ ·   g ·  h  f       2  ·  ξ 2  ·   w · cos θ    



(11)






   F  p e a k   = α   · F  r 2  · ρ ·   g ·  h  f       2  · w    



(12)






   F  p e a k   /  F  s t a t   =  (  2 · α   F  r 2   )  / (  ξ 2  cos θ )  



(13)




where Fr is the incoming Froude number (much larger than unity), ξ is the function of the Froude number or, according to Equation (3) in [25], the jump height ratio of hst and hf (Equation (14)), α is the dynamic pressure coefficient and  θ  is the channel inclination.


    ξ =  (   h  s t   /  h f   )   



(14)







According to [25], when Fr >> 1, it can be calculated from Equation (14) that 2 Fr2/ξ2 = 1, and therefore


   F  p e a k   /  F  s t a t   = α / cos  ( θ )  .  



(15)







Figure 17 shows the interpretation of Equation (15). The authors of [25] conducted a series of flume experiments with dry granular flows and a rigid barrier. The findings from this study were that the dead zone can attenuate the dynamic impact of the subsequent flow on the barrier [5] and the dynamic pressure coefficient in a range from 0.2 to 0.5.





6. Comparison of the Effects of Debris Flows and Rock Avalanches with Quasi-Static Design Approaches for Rigid Structures


6.1. General Aspects


Despite the extensive research by the authors, no sufficiently documented events of rockfalls, landslides or mass movements with subsequent rock avalanches in the runout area and their effects on protective structures could be found. In most cases, a sufficient description of the process of rock avalanches that allows for accurate conclusions about the effects on protective structures is not available. The maximum impact forces Fpeak on the rigid barrier measured in the model experiments also represent the maximum possible impact of the debris flow on a barrier. Protective barriers reduce the maximum impact forces Fpeak while increasing the impact duration. With flexible barriers, however, an increase in the maximum impact forces must be assumed. Froude numbers with a maximum of 16 were determined in the laboratory experiments for this work for the sand and the mixture. In nature, Froude numbers with a maximum of 15 were back-calculated for the rock avalanches for comparison.




6.2. Impact Model for Barriers with the Approach of “Creep Pressure”


In order to determine the static action on rigid supporting structures caused by slowly moving mass movements, the theory of creep pressure, according to [27], can be used. The aim of the investigations was to provide empirical formulae for the different types of barriers based on geotechnical theories, such as the development of earth pressure, which in Austria is known as “creep pressure theory”. Since, in the laboratory experiments, the inclination of the flume was usually greater than the angle of the bed friction, creep pressure theory cannot be transferred directly. The authors’ extension of the theory for the laboratory experiments includes making a distinction between the angle of the bottom friction φb and the friction angle φi of the soil as well as the determination of the static force Fstat due to the creep pressure. The geotechnical model with consideration of the bottom friction angle φb with the aid of the force vectors is shown in Figure 18. The creep pressure coefficient Kmod back-calculated from the laboratory experiments using Equation (16) for the rigid barrier reached values between 1.0 and 3.2 (Figure 17).


   K  m o d   =   2    F  s t a t     ρ   g    h  s t     2    b    



(16)







If the creep pressure coefficients Kg are calculated on the basis of creep pressure theory, taking into account the angle of friction at the bottom and the maximum inclination of the surface at the level of the friction angle of the material, the earth pressure coefficient Kg can be determined. From Figure 18a, the static force Fg and the creep pressure coefficient Kg due to the creep pressure can be calculated with Equations (17)–(21). Kg is the creep pressure coefficient, hst is the height at the barrier, θ is the inclination of the flume, ρ is the density, g is the acceleration due to gravity and b is the width of the barrier.



For inclinations of the transport plane θ > φi, a slope inclination with the internal friction angle φi was established at the surface of the deposit shape (Figure 18b). This geometric shape of the surface led to a reduction in the weight force G2 and thus to a reduction in the static force Fstat. Thus, the weight force G2,red was given by Equation (18). By taking the weight G2,red into account in Equations (19) and (20), the reduced earth pressure coefficient according to creep theory Kg,red can be determined using Equation (21). The comparison of the reduced earth pressure coefficient according to creep theory Kg,red and the existing earth pressure coefficient Kmod is shown in Figure 19. It can be seen that the back-calculated earth pressure coefficients Kmod differed by a factor of 0.39 to 1.44 from the theoretically determined earth pressure coefficient    K  g , r e d   .   The comparison in Figure 19 shows, on the one hand, that the Froude number hardly influenced the Kmod/Kg,red ratio and, on the other hand, that the static force can be determined on the basis of creep theory, according to Figure 18.


  G 1 = G 2 =  1 2  ⋅ ρ ⋅ g ⋅ h s t ⋅   h s t   tan  ( θ )    ⋅ b          [ N ]     



(17)






  G 2 , r e d = G 2 −  1 2  ⋅    [    h s t   tan  ( θ )     ]   2  ⋅ tan  (  θ − φ i  )  ⋅ ρ ⋅ g ⋅ b          [ N ]   



(18)






  E k = −   G 2 , r e d   sin  (  δ k  )  −   cos  (  δ k  )    tan  (  φ i  )                   [ N ]   



(19)






   F  g , r e d   =     G 1 + G 2 , r e d + E k ⋅    (  sin  (  δ k  )  +   cos  (  δ k  )    tan  (  θ − φ b  )     )    sin  ( θ )  +   cos  ( θ )    sin  (  θ − φ b  )                   [ N ]     



(20)






   K  g , r e d   =   2 ⋅ F g , r e d   ρ ⋅ g ⋅ h 2 ⋅ b                  [ – ]   



(21)








6.3. Proposal for the Estimation of the Peak Impact Force based on the Quasi-Static Models


Based on creep pressure theory and the model in Figure 18b, the static force Fstat can be determined using Equation (22). Provided that the Fpeak/Fstat ratio is known as a function of the material, and that its geological–geotechnical properties (dynamic internal friction angle, basal friction angle, density, grain size distribution and fragmentation properties of the rock avalanche) as well as the inclination of the flume, flow height, flow velocity and thus the Froude number are all known, the hydrodynamic force Fpeak can be estimated in a certain range using Equation (23). Based on the investigations of this work, the following procedure would be appropriate.



For the sand and the mixture, a maximum impact force Fpeak in the range of 1.06 to 1.3 Fstat was measured. An estimate of the hydrodynamic impact Fpeak can thus be made on the basis of creep pressure theory and the Fpeak/Fstat ratio.



Determination of the static force Fstat:


   F  s t a t   =  F  g , r e d       ∗    ζ s   



(22)




where:




	
Fg,red = static force obtained from creep pressure theory;



	
ζs = static coefficient independent of the structure type (rigid, flexible, embankment);



	
ζs = 1.0 to 1.5.








Determination of the dynamic action:


   F  p e a k   =  F  s t a t     ∗    ζ d   



(23)




where:




	
ζd = dynamic coefficient depending on the type of structure;



	
ζd = 1.0 to 1.06 for the embankment;



	
ζd = 1.0 to 1.15 for the rigid barrier;



	
ζd = 1.0 to 1.30 for the flexible barrier.










7. Summary for Rigid Barriers


In the laboratory experiments according to [1], which enable investigations of “rock avalanches”, the granular flow was accelerated along the flume in phase 1 and then hit a rigid barrier in phase 2. For this work, 185 laboratory experiments with rigid barriers, flexible barriers and embankments were carried out. In the laboratory experiments, laterally restricted rock avalanches were investigated. This restriction leads to less favorable forces on the protective structures than in the case of laterally unrestricted rockfall avalanches. In the laboratory tests, laminar flow behavior without any turbulent behavior was observed. These properties of rock avalanches can also be found in [28].



The material used and the inclination of the flume had a significant influence on the impact on the barrier. In addition to the inclination, the velocity of the granular flow was also strongly dependent on the material used, the grain shape and the grain roughness. The model experiments with steel spheres showed a maximum impact force that was up to twice as high as the static impact. This effect could not be observed for the sand, mixture and glass spheres. For the mixture and the sand, the maximum impact force was at most 15% higher than the static impact. With the model experiments, it could be demonstrated that the damping of the dynamic impact was also essentially dependent on the material used.



A disadvantage of determining the maximum impact force is the complexity of obtaining the dynamic coefficients. The comparison of “Fluid Impact Models” published by [29] revealed that, for example, [30,31,32] recommend different coefficients as dynamic factors. Based on the equations of the conservation of momentum, impact coefficients α between 0.7 and 12 are recommended. According to [33], an impact coefficient α of 2.0 is recommended.



The authors of [5] also concluded that the dynamics of debris flows depend on the interaction of the solids and the viscous fluid. Using the Froude number alone for the application of a design concept is inconsistent. There needs to be a consideration of changes in pore water pressures for the impact of debris flows on protective structures to be determined ([34,35,36,37]). Many guidelines for the estimation of impacts from debris flows do not consider the interaction of solids and fluids. Even for impacts from rock avalanches on protective structures, the Froude number should not be used as a basis. Rather, the geological–geotechnical boundary conditions, such as the block size distribution, shear strength and compressive strength of the solid bodies, and the tendency toward fragmentation, are important ([38]). According to [5], an increase in the impact coefficient α occurs in debris flows with increasing solid content up to 50%. In the investigations of this paper with dry materials, lower impact coefficients α were determined than for debris flows.



Evidence obtained from laboratory experiments and real events can then yield design concepts such as the one developed by [15] for rockfall embankments. The aim is to subsequently validate the tests carried out with various numerical modeling programs [39,40]. One possibility could be to estimate the impact on the protective structures using the Fpeak/Fstat ratio. Table 6 provides a summary of the various literature references.




8. Conclusions


This paper dealt with different approaches to determining the effects of rock avalanches on protective structures. The results from model experiments with dry material are mostly used to determine equations and approaches that are easy to handle in practice. In this paper, the model experiment of the University of Innsbruck was presented first, followed by the results as a force–time effect. The aim of this paper was to compare the results with selected approaches from different authors. Design approaches for rock avalanches calculated using the impulse theorem to determine the maximum impact force on rigid barriers lead, based on the investigations of this thesis, to an overestimation of the maximum impact force and to an underestimation of the static force.



In order to estimate the static force Fstat on barriers, creep pressure theory can be applied. Based on the results from the model experiments, the resulting force from creep pressure theory can be increased by a factor of 1.0 to 1.5 to obtain the static force Fstat. The subsequent multiplication with a coefficient    ζ d  = 1.0   to 1.3 depending on the type of structure determines the maximum force Fpeak. The available results of the model experiments with rigid barriers reveal that the maximum impact Fpeak for granular mass flow corresponded to a maximum of 1.15 times the static impact Fstat. This conclusion is confirmed by considering the maximum impact force and static force for the results for φdyn =  θ  in the various literature references.



In conclusion, the first step should be the estimation of the static force as a function of the protective structure, the geometry of the protective structure and the material of the rock avalanche. In addition, the rock avalanche should be evaluated from a geological and geotechnical point of view. The dynamic internal friction angle, the basal friction angle, the density, the grain size distribution and the fragmentation properties of the rock avalanche are essential. For rock avalanches, the use of the Froude number to estimate the “Fpeak/Fstat” ratio is difficult. In Figure 7a, for rigid barriers, it is shown that the Fpeak/Fstat ratio increased with increases in the Froude number. This behavior was not observed for dams (Figure 13a). Moreover, for rigid barriers and nets, it can be observed that for a given Froude number, several ratios of “Fpeak/Fstat” were obtained.



However, further large-scale model experiments with granular flows are definitely required to better determine the Fpeak/Fstat relationship as a function of scale. In this context, proposals for the design of protective embankments against rockfalls have already been prepared and included in the Austrian standard concept for protective structures against natural hazards.



The experiments demonstrated the dependence of the flow velocity, the flow height and the static and dynamic effects on protective structures on the particle shape and roughness. The results of the laboratory experiments also demonstrate significant differences for the Fpeak/Fstat ratio and thus the necessity of considering the geological–geotechnical parameters for the design of protective structures. Particles with a smooth surface lead to fast and thin rock avalanches. In contrast, particles with a rough surface lead to relatively slower and thicker rock avalanches. Too much flexibility in the protective structure leads to an increase in mass and thus to an increase in static force; therefore, an embankment with an “adjusted” stiffness is an appropriate structure.



In our work, the three-dimensional numerical model was used to simulate the granular flow to the protective structure. The motion sequence was calculated with the discrete element method (DEM) and the software ROCKY® from ESSS. For the choice of parameters, it is of particular importance that the experience of geotechnical engineers and geologists in connection with subsoil exploration is applied. Then, parameter studies with numerical calculations (DEM) can provide a useful alternative for estimating the impacts on protective structures, the flow velocity and the flow depth. In this work, ROCKY® was used to simulate the course of the impact of the material on the barrier and the maximum impact force Fpeak and static force Fstat on the protective structure for different materials.



Further research will involve an extension to landslide runout for large-scale simulations. The aim is to model the velocity of rock avalanches and the associated erosion as well as the influence of fragmentation with the help of suitable field investigations. For this purpose, back calculations with various past rock avalanches in Tyrol/Austria and the associated rheological and geotechnical parameters are currently being carried out.
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Figure 1. Flume apparatus of the University of Innsbruck. 
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Figure 2. Definitions of mass movement during the flow movement and in the final state, flow depth h and hf, height of discharge hst and angle of discharge ω. 






Figure 2. Definitions of mass movement during the flow movement and in the final state, flow depth h and hf, height of discharge hst and angle of discharge ω.



[image: Geosciences 12 00223 g002]







[image: Geosciences 12 00223 g003 550] 





Figure 3. Tensile tests from a 2.5 cm-wide strip of the flexible material of Net I, Net II and Net III; colored lines are the mean values of the tensile test results. 
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Figure 4. Geometry of the two types of embankments: (a) earth dam without geotextiles, inclination 2:3 on the impact side; (b) reinforced dam with geotextiles, inclination 70° on the impact side. 
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Figure 5. Example of a force–time history for phases 1 to 3 of the experimental procedure. 
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Figure 6. Impacts depending on the inclination of the flume base for the materials (a) sand, (b) mixture, (c) glass and (d) steel spheres on a rigid barrier. 
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Figure 7. Fpeak/Fstat ratio for different Froude numbers for impacts on a rigid barrier: (a) for all materials, and (b) for the natural material sand and the mixture. 
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Figure 8. Comparison of the impact force–time history of the corroded and the smooth steel spheres for the inclinations of the flume base of 28° and 30.2°. 
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Figure 9. Phenomena of “pile-up” for inclination θ = 28.0° (above) and “run-up” for inclination θ = 35.9° (below). The figures were taken from a preliminary test with a slightly adapted test design. 
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Figure 10. Deposition of the material in the flexible barrier: tangential rope force (T), horizontal component (TH) and normal impact forces (TL) of the rope. 
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Figure 11. Force–time history for flexible barriers, mixture and inclinations of the flume base (θ) of (a) 30.2° and (b) 38.8°. 
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Figure 12. Force–time history comparison between an earth dam and a geogrid-reinforced dam for an inclination of the flume base of θ = 30.2°. 
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Figure 13. Fpeak/Fstat as a function of the barrier and the Froude number for (a) Dam and (b) Nets. Test results in the frame in Figure 13 (a) for the inclination of 38.8°. 
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Figure 14. (a) Force–time history comparison of model test data with the results of the DEM simulation; (b) images from the DEM simulation showing the impact in 6 steps. 
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Figure 15. Dynamic coefficient  α  according to [22] with the addition of the experimental results of this work. 
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Figure 16. Back-calculated creep pressure coefficients Kmod for the sand and mixture test materials on the rigid barrier based on Equation (16). 
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Figure 17. Relation of Fpeak/Fstat as a function of the dynamic pressure coefficient and the inclination of the flume base (θ). For a constant factor α, a higher inclination angle (θ) results in a higher ratio of Fpeak/Fstat. 
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Figure 18. Force vectors for the determination of the creep pressure Kg using the partial sliding bodies and taking into account the angle of the bottom friction: (a) surface inclination equal to  θ , and (b) surface inclination equal to  φ . 
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Figure 19. Earth pressure coefficients Kmod/Kg,red for the mixture and the sand depending on the Froude number. 
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Table 1. Scales of the model experiments depending on physical quantities (grain diameter d, duration t, velocity v, density  ρ , Froude number Fr, peak total force Fpeak).






Table 1. Scales of the model experiments depending on physical quantities (grain diameter d, duration t, velocity v, density  ρ , Froude number Fr, peak total force Fpeak).





	
Variables

	
Scale Factor

	
Model Size

	
Sizes of Prototype




	
Scale 1:30

	
Scale 1:50






	
Grain size (mm)

	
λ

	
8

	
250

	
400




	
Duration (s)

	
    λ    

	
3

	
16.4

	
21.2




	
Velocity (m/s)

	
    λ    

	
5.5

	
30

	
39




	
Density (kg/m3)

	
1

	
1.78

	
1.78

	
1.78




	
Froude number

	
1

	
7

	
7

	
7




	
Peak total force

Fpeak (kN)

	
λ3

	
0.1

	
2700

	
12,500
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Table 2. Parameters from the back calculation of the Punta Thurwieser and Piz Cengalo events.
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	Variables
	Punta Thurwieser (2004)
	Piz Cengalo (2017)





	Grain size
	-
	Large blocks with gravel, sand and silt



	Velocity (m/s)
	up to 57.2
	up to 75.0



	Density (kg/m3)
	--
	1900 to 2150



	Flow depth (m)
	-
	2.0 to 14.0



	Froude number
	-
	2.6 to 14.7
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Table 3. Material parameters according to [1] and the University of Innsbruck.
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Material

	
Friction Angle [°]

	
Bulk Density




	
Dynamic Friction Angle

Particle–Particle

	
Basal Friction Angle

Particle–Flume

	
Rolling Friction Angle

Particle–Flume




	
φdyn [°]

	
φb [°]

	
φroll [°]

	
ρ [kg/m3]






	
model tests by Ashwood and Hungr (2016)




	
Sand 0.5/1.0 mm

	
31.0

	
21.5

	
-

	
1700




	
Gravel 3.0/8.0 mm

	
35.0

	
21.5

	
-

	
1560




	
Mixture 1:1 (sand–gravel)

	
33.0

	
21.5

	
-

	
1780




	
model tests by the University of Innsbruck




	
Sand 0.5/1.0 mm

	
31.5

	
21.4

	
~27

	
1700




	
Mixture 1:1 (sand–gravel)

	
33.5

	
21.7

	
~23

	
1780




	
Steel spheres 2 mm

	
5.5

	
15.7

	
~0–2

	
4850




	
Glass spheres 2 mm

	
16

	
17.3

	
~3

	
1483
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Table 4. Number of laboratory experiments at the University of Innsbruck.
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Material

	
Rigid

Barrier

	
Flexible Barriers




	
Net

	
Dam




	
Net I

	
Net II

	
Net III

	
Earth Dam

	
Reinforced Dam






	
Steel spheres

	
28 *

	
-

	
-

	
-

	
3 *

	
9 *




	
Glass spheres

	
10 *

	
9 *

	
11 *

	
11 *

	
3 *

	
6 *




	
Sand

	
23 *

	
-

	
-

	
-

	
-

	
-




	
Mixture

	
30 *

	
11 *

	
10 *

	
10 *

	
4 *

	
7 *




	
Total

	
91 *

	
20 *

	
21 *

	
21 *

	
10 *

	
22 *








* Number of laboratory experiments (total of 185 experiments).
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Table 5. Summary of the mean values of all test results with the flume apparatus of the University of Innsbruck for the test series on a rigid barrier.
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Material

	
Flume

Inclination

θ

	
Frontal

Velocity

v

	
Flow Depth

hf

	
Static Height

hst

	
Froude Number

Fr

	
Peak Total Force

Fpeak

	
Static Total Force

Fstat

	
Ratio

Fpeak/Fstat




	
[°]

	
[m/s]

	
[mm]

	
[cm]

	
[-]

	
[N]

	
[N]

	
[-]






	
Glass

	
30.2

	
4.5

	
14.2

	
24.5

	
12

	
134.0

	
134.0

	
1.00




	
35.8

	
5.7

	
15.8

	
35.9

	
14.4

	
231.7

	
170.7

	
1.36




	
38.8

	
6.3

	
16.7

	
36.8

	
15.6

	
242.9

	
149.0

	
1.63




	
Mixture

	
30.2

	
3.4

	
11.7

	
11.2

	
10

	
57.6

	
56.2

	
1.03




	
32.3

	
3.9

	
12.2

	
11.1

	
11.3

	
84.8

	
81.2

	
1.04




	
34.1

	
4.4

	
12.6

	
14.4

	
12.4

	
118.1

	
111.3

	
1.06




	
35.8

	
4.8

	
13

	
17.3

	
13.4

	
141.6

	
132.8

	
1.07




	
38.8

	
5.5

	
13.7

	
22.1

	
15.1

	
172.3

	
150.3

	
1.15




	
Sand

	
28

	
2.1

	
10

	
2.7

	
6.8

	
4.2

	
3.7

	
1.14




	
29.7

	
2.4

	
10.3

	
4.0

	
7.7

	
10.7

	
10.5

	
1.02




	
30.2

	
2.5

	
10.4

	
6.7

	
7.9

	
27.2

	
26.8

	
1.02




	
32

	
2.9

	
10.8

	
8.2

	
8.9

	
35.7

	
34.1

	
1.05




	
34.1

	
3.3

	
11.3

	
11.8

	
9.9

	
71.3

	
70.8

	
1.01




	
35.9

	
3.6

	
11.7

	
14.3

	
10.8

	
97.1

	
96.1

	
1.01




	
Steel

	
23.8

	
3.5

	
8

	
12.0

	
12.6

	
138.9

	
124.8

	
1.11




	
25.8

	
3.8

	
8.5

	
13.3

	
13.2

	
187.3

	
126.9

	
1.48




	
28

	
4.1

	
9.1

	
14.3

	
13.9

	
213.5

	
126.5

	
1.69




	
30.2

	
4.5

	
9.7

	
14.5

	
14.5

	
247.0

	
119.7

	
2.06




	
38.8

	
5.7

	
11.9

	
15.0

	
16.7

	
348.5

	
123.4

	
2.82
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Table 6. Summary of the various literature references.
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Source

	
Fpeak/Fstat

	
Inclination of the Flume

	
Material

	
Investigations




	
[-]

	
  θ   [°]

	
-

	
-






	
Albaba, 2018, [3]

	
1.1 to 2.7

	
30 to 55

	
dry granular

	
DEM




	
Moriguchi et al., 2009, [2]

	
1.0 to 2.5

	
45 to 65

	
dry granular sand, φdyn = 35°

	
model experiments




	

	
1.0

	
45

	
dry granular sand, φdyn = 30° to 40°

	
DEM




	

	
1.0

	
50

	
dry granular sand, φdyn = 35°

	
DEM




	

	
1.5

	
55

	
dry granular sand, φdyn = 35°

	
DEM




	

	
1.75

	
60

	
dry granular sand, φdyn = 35°

	
DEM




	

	
2.5

	
65

	
dry granular sand, φdyn = 35°

	
DEM




	
Ng, C.W.W. et al., 2020, [4]

	
1.0 to 2.6

	

	
dry granular sand, φdyn = 31°

	
MPM




	

	
1.0

	
23 and 40

	
dry granular sand, φdyn = 31°

	
computed




	
Ng, C.W.W. et al., 2021, [41]

	
1.0 to 10

	
26 to 45

	
dry granular sand, φdyn = 31°,

d50 = 0.2 mm

	
model experiments




	
Choi et al., 2015, [35]

	
0.25 to 0.75

	
20 to 45

	
dry granular flow (3 and 10 mm monodisperse glass spheres)

	
flume experiments
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