Keywords: Debris flow, Net barrier, Numerical simulation, Similarity analysis, Discrete Element Method

Some geohazards such as landslides and debris flow, which have already caused millions of dollars in damage and thousands of deaths and injuries each year, are regarded as a serious threat to humans and infrastructures. Therefore, studies on the design of structural mitigation measures and the related numerical simulation on barriers deformation against debris flow is of crucial importance in terms of engineering application. Motivated to clarify the mechanisms underlying rope nets deformation behavior and further establish a theoretical model for determining an appropriate material under experimental conditions, a series of numerical simulations using an extensive open-source framework called Yade DEM along with its discrete element method (DEM) is being performed by generating a rope net within certain physical properties under different loading conditions on the net nodes. To further understand this behavior, in this paper the scale effect and buckling effect are investigated by Bunkingham-pi theorem and plastic structure respectively. It is found that, a consistent impact of simple load on the net central deformation characteristics (e.g. absolute and relative displacement) under different scales are observed. And the efficiency of basic model including five dimensionless parameters to investigate the scale effect by similarity analysis is confirmable. And the net deformation of a chosen material (PSU) under a small scale (1:30) is in accordance with that of the theoretical material which is defined by basic model. In addition, it seems that, to improve the performance of net barrier against debris flow, the plastic flat region as shown in strainstress curve should be larger than a certain value. Knowledge and evidence from this work might be utilized for the development and verifications of theoretical model and barriers structure design in the future.

Introduction

In mountain areas, some geohazards such as landslides and debris flow, which have already caused millions of dollars in damage and thousands of deaths and injuries each year, are regarded as a serious threat to humans and infrastructures [START_REF] Hervá S | Lessons learnt from landslide disasters in Europe[END_REF][START_REF] Albaba | Discrete element modeling of the impact of granular debris flows on rigid and flexible structures[END_REF]. In response to these catastrophic events, a series of physical experiments and numerical modeling of landslides and debris flows are carried out by researchers and engineers in order to understand the mechanism underlying this behavior. For the last few years, more and more rope net barriers, which has been regarded as a quite simple building structure including a few lightweight materials, are used to entrap woody and rocky debris in such some torrents [START_REF] Andreas | Loads on rope net constructions for woody debris entrapment in torrents[END_REF]. The design of structural mitigation measures and the related numerical simulation on barriers deformation against debris flow is of crucial importance in terms of engineering application.

Unfortunately, over the past decades, although extensive studies have been performed on the rope nets deformation against debris flow (as depicted in Fig. 1), most of them generally focused on the phenomenological studies and development of empirical models on the loading conditions [START_REF] Hubel | Standardized Stress Model for Design of Torrential Barriers under Impact by Debris Flow (According to Austrian Standard Regulation 24801)[END_REF][START_REF] Bradley | Debris Control Structures: Evaluation and Countermeasures[END_REF]. Noticing that due to the existence of scale effect [START_REF] Heller | Scale effects in physical hydraulic engineering models[END_REF][START_REF] Peakall | Physical modeling in fluvial geomorphology: Principles, Applications and Unresolved Issues[END_REF], during the rope nets deformation against debris flow, the traditional material using stainless steel under actual conditions could possibly not be in accordance with that of experimental conditions. Thus, during the rope nets deformation within a quite small scale, the scale effect should be clarified in detail and an appropriate material based on the developed theoretical model should be also taken into consideration.

Figure 1. Schematic view of rope nets barriers. [8]

Figure 2. A real metallic net structure within the braking device [START_REF] Bertrand | Full-Scale Dynamic Analysis of an Innovative Rockfall Fence Under Impact Using the Discrete Element Method: from the Local Scale to the Structure Scale[END_REF].

In addition, it is instructive to note that, to dissipate a part of energy by friction and buckling effect, a specific protection system, called braking device, are dedicated in the net structure design as depicted in Figure 2. D. Bertrand et al. [START_REF] Bertrand | Full-Scale Dynamic Analysis of an Innovative Rockfall Fence Under Impact Using the Discrete Element Method: from the Local Scale to the Structure Scale[END_REF] are one of the representative authors who investigate this structure by a specific experimental setup. In their studies, the dynamic tensile test has been performed by dropping a boulder from a given height, and the evolution of force inside the cable as a function of displacement shows that the fluctuation of force corresponding to buckling of the steel tube appears once the force reaches a peak value (~100kN). Therefore, in our studies, we should also concentrate on the simulation of buckling effect on braking device. Motivated to establish and verify a theoretical model for determining an appropriate material under experimental conditions, a series of simulation is being performed by generating a rope net within certain loading conditions on the net nodes. And an extensive open-source framework based on discrete element method (DEM) called Yade DEM is used. Here, it should point out that, according to Rimbock's work [START_REF] Rimböck | Design of rope net barriers for woody debris entrapment: introduction of a design concept[END_REF], as compared to hydro-static and dynamic pressure, the boulder impact load is not predominant in rope net barriers, thus in this study, only the effect of hydraulics is being considered in the load. The basic simulation methods and physical models are described briefly in Section 2. In Section 3, the obtained results and further similarity analyses are discussed in detail.

Physical model and calculated conditions

In this Chapter, a physical method DEM and the related calculated conditions are discussed in detail. In this project, we use Yade DEM, an extensible open-source framework, to achieve the whole simulation and mechanical postprocess by changing the material properties, geometry size and loading conditions, then Origin Pro to do the data analyses and curve display.

Simulation method: Discrete element method

Discrete element method was firstly introduced and extended by Cundall and Strack et al. [START_REF] Cundall | Discrete numerical model for granular assemblies[END_REF] in 1979. In fact, to model the response of granular assemblies to dynamical or quasi-static loadings, there are a lot of difficulties by continuous approaches. Firstly, the continuous medium hypothesis in elastic mechanics is based on small deformation assumption, thus the traditional model could not be used in some cases in which some large strains and displacements are observed. Secondly, the continuous theory is difficult to handle with the contact and breakage problems by finite element method because of mesh generation limit. Besides, some constitutive models which could represent the local interactions is also complex. Thus, DEM is quite efficiency to simulate the interaction between granular material.

Figure 3. General calculation cycle of discrete element method

In DEM, a finite different scheme is used in which the position of the particles is calculated by integrating Newton's second law over certain time steps. As shown in Fig. 3, the general calculation cycle could be divided into four steps: Firstly, after generating the calculated geometry, the contact force applied on all particles begins to be detected. Secondly, the contact force is decomposed into a normal component acting in the direction of the normal vector and a tangential component acting in the contact plane, which will be updated to each body. Thirdly, the acceleration of each body is calculated by Newton's second law, then the velocity and displacement of each particle could be obtained. Finally, the particle position and existing contacts will be updated and redetected respectively, and the calculation cycle could start. The Newton's law for each body could be expressed by the following equation:

𝑭 𝒊 = 𝒎 𝒊 𝒙 𝒊
where 𝑥 𝑖 and 𝐹 𝑖 represent the position and resultant force of particle i respectively.

Then, the angular motion could be expressed:

𝑴 𝒊 = 𝑰 𝒊 𝝎̈𝒊
where is 𝑴 𝒊 the resultant moment and 𝑰 𝒊 is moment of inertia.

Then the explicit scheme is adopted to integrate the two parameters over a time step which could be expressed as following equations: 

𝜟𝒕

In the same ways, the contact law could be explained as the interaction between two spheres as following:

𝑭 𝒏 = 𝒌 𝒏 𝒖 𝒏 , 𝒅𝑭 𝒔 = 𝒌 𝒔 𝒖̇𝒔𝒅𝒕, 𝑴 𝒕 = 𝒌 𝒕 𝜴 𝟏𝟐 𝒕 , 𝑴 𝒃 = 𝒌 𝒃 𝜴 𝟏𝟐 𝒃 ,
where 𝑭 𝒏 is normal force, 𝒅𝑭 𝒔 is shear force increment, 𝑴 𝒕 is twisting moment and 𝑴 𝒃 is bending moment, 𝒌 𝒏 , 𝒌 𝒔 , 𝒌 𝒕 and 𝒌 𝒃 are the elastic stiffness associated respectively to the normal force, the shear force, the twisting moment, and the bending moment.

In the simulation presented in this paper, the moments are not considered for contacts between spheres ( 𝒌 𝒕 = 𝒌 𝒃 = 𝟎 ), and the normal and tangential stiffness are related to a macroscale stiffness:

𝒌 𝒏 = 𝟐𝑬 𝒄 𝑹 𝟏 𝑹 𝟐 𝑹 𝟏 +𝑹 𝟐 , 𝒌 𝒔 = 𝜶𝒌 𝒏 ,
where 𝜶 is a non-dimensional factor, 𝑹 𝟏 and 𝑹 𝟐 are the radius of interacting particles.

In addition, it is convenient to define the maximum forces and moments with reference to shear and tensile strengths 𝝈 𝒔 𝒍 and 𝝈 𝒏 𝒍 , which have the dimension of a stress. Therefore, the following conditions are imposed:

𝑭 𝒏 ≤ 𝝈 𝒏 𝒍 𝑨, ||𝑭 𝒔 || ≤ 𝑭 𝒏 𝒕𝒂𝒏(𝝋 𝒄 ) + 𝝈 𝒔 𝒍 𝑨, 𝑴 𝒃 ≤ 𝑰 𝒃 𝝈 𝒏 𝒍 𝑹 𝒄 , 𝑴 𝒕 ≤ 𝑰 𝒕 𝝈 𝒔 𝒍 𝑹 𝒄
, where 𝑹 𝒄 is the minimal radius of interacting particles, 𝑨 is the reference surface area, 𝑰 𝒃 and 𝑰 𝒕 are the reference bending moment and polar moment of inertia respectively. For a physical system which could be described by a meaningful equation as following:

Determination of analytical geometry and theoretical model

𝒇(𝒒 𝟏 , 𝒒 𝟐 , … , 𝒒 𝒏 ) = 𝟎,
where the 𝒒 𝒊 are the 𝒏 physical variables, and they could be expressed by k independent physical units, then the above equation could be restated as

𝑭(𝝅 𝟏 , 𝝅 𝟐 , … , 𝝅 𝒏 ) = 𝟎,
where the 𝝅 𝒊 are dimensionless parameters constructed from the 𝒒 𝒊 by 𝒑 (= 𝒏 -𝒌) dimensionless equations of the following forms:

𝝅 𝒊 = 𝒒 𝟏 𝒂 𝟏 𝒒 𝟐 𝒂 𝟐 … 𝒒 𝒏 𝒂 𝒏 ,
In this way, five dimensionless parameters could be defined as following:

𝝅 𝟏 = 𝑬 𝒗 𝟐 𝝆 𝒆 , 𝝅 𝟐 = 𝒈𝒉 𝒗 𝟐 , 𝝅 𝟑 = 𝑳 𝒉 , 𝝅 𝟒 = 𝒂 𝒉 , 𝝅 𝟓 = 𝒅 𝒓𝒐𝒑𝒆 𝒉
where E is the material stiffness, v is the fluid velocity, and is the gravity acceleration. The dimensionless parameters are used to define a theoretical material which could eliminate the scale effect, hence they should be constant when the dimension of rope net changes. Under actual conditions (scale 1:1), the stainless steel is generally used to constitute rope nets. As shown in Table 1, according this basic model, a theoretical material in which some physical parameters (i.e. Young's modulus and net dimensions) varies as the scale of nets changes. On the other hand, we should also concentrate on the buckling effect due to existence of braking device. Figure 5 shown the calculated geometry of nets within braking devices, in which four horizontal cables are extended at extreme points of traditional rope net. Furthermore, these cables are used to dissipate a part of energy and avoid the abruptly mechanical rupture of net and the strain-stress curve could be presented as Fig. 6. According to Buckingham-pi theorem, two new dimensionless parameters could be defined as follows:

𝝅 𝟔 = 𝑳 𝒇𝒓𝒆𝒊𝒏 𝒉 , 𝝅 𝟕 = 𝜺 = 𝝈 𝒎𝒂𝒙 𝑬
In addition, it should be noted that, according the work of [START_REF] Rimböck | Design of rope net barriers for woody debris entrapment: introduction of a design concept[END_REF], as compared to hydro-static and dynamic pressure, the effect of rock debris is not predominant. Thus, in our present simulation, the rope net is mainly buffeted by fluid without rocky debris and the existing loads are static and dynamic pressure, and they could be expressed by the following equations [START_REF] Ead | Flexible kits for retaining debris flows and shallow landslides/open slope debris flows[END_REF]:

𝒑 𝒔𝒕𝒂𝒕𝒊𝒄 = 𝝆 𝒘𝒂𝒕𝒆𝒓 𝒈𝒉 𝒏𝒐𝒅𝒆 , 𝒑 𝒅𝒚 = 𝒄 𝑫 𝝆 𝒘𝒂𝒕𝒆𝒓 𝒗 𝟐
where 𝒄 𝑫 is the drag factor which could vary between 0.7-2.0 depending on the mixture and the density of the flow. Here, we just choose the value of 𝒄 𝑫 to 1. And the effect of woody debris will be simulated by some beams with certain diameters, thus it will not influence the distribution of hydraulic loads.

During our simulation, these loads will be applied to each node of rope net in the form of force, thus the average force in each cell, which depends on the fluid velocity, cell size and node height, was firstly calculated. Then, all the permanent force will be continuously set up to the whole rope net during our simulation until the system reached into a quite steady state. Finally, the distribution of displacement and stress could be obtained and discussed as shown in the next chapter. 

Summary

In this Chapter, discrete element method and its related calculated geometry are simply discussed. And an extensible an extensible open-source framework for DEM called Yade DEM and based on python language is chosen. Besides, to simulate the braking devices generally used in the last few years, the measured strain-stress relation is applied to four straight sticks located at extreme points of rectangular net. In this way, a series of simulation could be performed under different conditions in the next Chapter.

Discussions of calculated results

In this chapter, we concentrate on the net deformation behavior under different scales, different materials and different structures. Here, the effects of theoretical material, traditional material and PSU material are clarified, and the mechanical analyses of buckling effect are also discussed.

Qualitative analyses of calculation

Figure 7 shows some representative transient frames of a randomly selected run under scale ratio 1:30 without braking devices. From the change of rope net shape, it is evident that the rope net tends to be curved due to the loading conditions, and finally reach into a steady state. As for the case in which the extreme node of rope net barriers is buckled by braking devices, figure 8 shows some representative transient frames of a randomly selected run. During the rope net formation behavior, the length of energy dissipation structure has obviously been extended until a stationary regime of whole system is obtained, which is in a good agreement with the strain-stress curve as shown in Fig. 6. 

Quantitative analyses of net deformation without braking devices

For quantitative analysis of net deformation under certain loading conditions, to acquire the more comprehensive and more comparable results for understanding this behavior, in this section, the relative height 𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆 is defined as the ratio of the node z-displacement in the horizonal center of rope nets to the net length: However, it should be noted that, these two figures show only the scale effect of defined theoretical material which depend on net dimensions. To further understand the relation between the material and scale effect, the traditional material (stainless steel) are used in our simulation under different scales. As shown in Fig. 10, as net scale decreases, the defined two quantities (i.e. absolute and relative displacement in the central region of rope net) tends to decrease for each position of nodes, which means that the dimensionless number could not be constant. Thus, under the experimental conditions such as a scale of 1:30, the traditional material could not be used because of the different net deformation. On the other hand, another material called PSU containing 20% Fiber glass is chosen under scale of 1:30, as shown in Table 2, as compared to theoretical material under scale of 1:30, the physical properties of PSU are in a good agreement. Figure 11 shows the comparison of relative height under different conditions, from this figure, it can be clearly seen that, the deformation curve of theoretical material (scale 1:30), traditional material and PSU under scale 1:30 is almost coincident, as compared to the deformation curve of PSU under scale 1:10 and 1:50.

𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆 = 𝜟𝒉 𝒏𝒐𝒅𝒆 𝑳 𝒏𝒆𝒕
Hence, the PSU material could only be used under scale 1:30 to compare with traditional material under scale 1:1. However, it should be pointed out that, the error of theoretical material should not be much smaller than that of PSU because the scale effect has been eliminated in basic model theoretically. Table 3 shows some peak value of relative height under the comparison of three materials (theoretical material, traditional material and PSU), to further understand the importance of different effects (e.g. scale effect, material properties), three different errors, namely respectively scale error, PSU error and actual error could be defined as follows:

𝜺 𝒔𝒄𝒂𝒍𝒆 = 𝜟𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍 , 𝜺 𝑷𝑺𝑼 = (𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝒔𝒕𝒆𝒆𝒍 𝟏:𝟏 -𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝑷𝑺𝑼 𝑺𝒄𝒂𝒍𝒆 𝟏:𝟑𝟎 ),

𝜺 𝒂𝒄𝒕𝒖𝒂𝒍 = 𝜟𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝒔𝒕𝒆𝒆𝒍
According to Table 3, the three errors could be calculated, and we obtain finally:

𝜺 𝒔𝒄𝒂𝒍𝒆 = 0.00162 = 0.162%, 𝜺 𝑷𝑺𝑼 = 0.00131 = 0.131%, 𝜺 𝒂𝒄𝒕𝒖𝒂𝒍 = 0.08868 = 8.87%

Under comparison of three errors, it is evident that the PSU could reproduce the net deformation under the scale 1:30, which has the same order of magnitudes as that of scale effect. 3. Peak values of relative height under the comparison of three materials.

Quantitative analyses of net deformation within braking devices

To further understand the scale effect of theoretical model which has been extended by two other terms, thus quantitative analyses will be shown in the same methodology. Secondly, from Fig. 13, the traditional material was used under different scales, as net scale decreases, the relative displacement in the central region of rope net tends to decrease for each position of nodes, which means that the dimensionless number could not be constant. Thus, in the modeling of rope net with braking devices, it is still impossible to apply the same material Thus, it is necessary to examine the difference of PSU and theoretical material under the scale ratio 1:30. As depicted in Figure 14, it could be observed, the deformation of PSU (Scale ratio 1:30), theoretical material (Scale ratio 1:30) and actual material (Scale ratio 1:1) are almost coincident. To quantify the difference of theoretical material, traditional material and PSU material, these three errors could be obtained in the same way as illustrated in Section 3.2. Hence, we obtain the following numbers:

𝜺 𝒔𝒄𝒂𝒍𝒆 = 𝜟𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍 = 0.175%, 𝜺 𝑷𝑺𝑼 = (𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝒔𝒕𝒆𝒆𝒍 𝟏:𝟏 -𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝑷𝑺𝑼 𝑺𝒄𝒂𝒍𝒆 𝟏:𝟑𝟎 ) = 0.089%, 𝜺 𝒂𝒄𝒕𝒖𝒂𝒍 = 𝜟𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝒔𝒕𝒆𝒆𝒍 = 9.196% Thus, the same order of magnitude of PSU and actual material shows that PSU could also be used when the rope net is buckled by braking devices.

On the other hand, the design of braking device is aimed at dissipating a part of energy by friction and buckling effect that could be calculated by the integral in flat region of strain-stress curve. However, owing to the outward extension of simulated sticks, the final shape of rope net will be much different from that without braking devices. To further understand the dissipation effect of freins during deformation behavior, we concentrate on the quantitative comparison between the two cases as shown on Figure 15. From Fig. 15( To further provide more evidence of such tendency, we concentrate on the tangential force of each node in stationary regime as shown in Figure 16. From Fig. 16, it could be observed, the tangential forces of each node are much smaller than that without simulated sticks.

Therefore, due to the existence of these simulated sticks, the displacement and force history become absolutely different until the whole system reached into a steady state, and the efficiency of our new introduced energy-dissipation devices seems to be confirmable. Figure 17 shows many curves under different conditions, to begin with, we just compare the effect of different freins length without plastic regime, as the length of sticks becomes twice as much, it seem that the related force of each node tends to be larger than before. However, if we apply the sticks with a plastic regime in which the sticks size could be elongated to be twice (i.e. 𝜺 𝟑 = 𝟏), which means the final length of simulated sticks of the two cases is almost the same. However, Fig. 17 shows that the interne force of nodes becomes much smaller than elastic case. Therefore, in the case of braking devices, the main advantage of such design is not the application of a simple stick, but the plastic region of those sticks. Here, it should be pointed out that, the only difference between simulation and reality is that in engineering application, the simulated sticks are replaced by a series of special structure which could show the same strain-stress curve as that of Fig. 6. On the other hand, if we change the value of 𝜺 𝟑 from 0 to 1, we could observe that, as 𝜺 𝟑 increases, all the curves tend to move down and becomes much smaller. Hence, the longer plastic region that the designed special structure has, the much better performance of the whole rope nets against debris flow. Besides, the force curve of no-freins is located between these different values of 𝜺 𝟑 , which means a poor design of braking devices could possibly has a negative impact on the rope nets deformation behavior (e.g. a prematurely mechanical rupture of nets), and in reality, the measured value of maximum extension is bigger than 1, which finally maintain in accordance with our simulated results. 

Summary

In this chaper, to understand the net deformation behavior under hydraulic loads, a seris of experiments is performed and their results are analyzed. And a series of preliminary resiluts has been obtained, which is in a good agreement with the engineering application and theoretical model. In addition, some results shows that a new material PSU could be used under reduced experimental condition (Scale ratio 1:30) to reproduce alomost the same deformation as actual case (Scale ratio 1:1).

Conclusions and perspectives

Studies on the design of structural mitigation measures and the related numerical simulation on barriers deformation against debris flow is still a challenging task in engineering application.

In our preliminary studies, motivated to clarify the mechanisms underlying rope nets deformation behavior and further establish a theoretical model for determining an appropriate For future work, to achieve a more comprehensive understanding on rope net deformation, the following problems should be examined and clarified:

(1) Further calculation involving the woody conditions;

(2) Further simulation of rope nets deformation under different fluid velocities.

Firstly, the woody debris could be achieved by generating a bunch of beams within certain diameter and the same velocity as fluid flow. However, due to the time and manpower limit, the investigation of woody debris could not be accomplished in our present project, here we just show some representative transient frame of our further calculated model as depicted in Fig. 18.

After generating of such bunch of beams, the similarity and mechanical analyses could be done by means of the same methodology. And the only problem is defining a new parameter which could represent the beams, such as physical properties, spatial position, generating rate etc. Secondly, the main purpose of such investigation is the simulated results could be compared to our following experimental project which will be launched in this summer.
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 4 Figure 4 illustrates the calculated geometry in the present simulation. A variety of physical quantities to determine net geometry is defined, including cell size 𝒂, rope diameter 𝒅 𝒓𝒐𝒑𝒆 , net length 𝑳 and net height 𝒉. It should be noted that, to simplify the problem and model, the net height is considered the same as fluid height. To get a comprehensive understanding of net deformation, Buckingham-pi theorem is introduced, which is considered as a key theorem in dimension analysis.
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 4 Figure 4. Analytical geometry used in the present simulation.
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 5 Figure 5. Analytical geometry of nets within braking devices.
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 6 Figure 6. Strain-stress curve of braking devices in the present simulation.
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 7 Figure 7. Representative transient frames under loading conditions without braking devices.

Figure 8 .

 8 Figure 8. Representative transient frames under loading conditions within braking devices.
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 9 Figures 9 depicts the change of two quantities which represent the absolute and the relative displacements under different scales. And as rope position increases, the displacements tend to increase until they reach a peak value, then they tend to decrease. Besides, from Fig. 9(b), the net central deformation is the same in all cases, which means that the scale effect is eliminated in our basic model.
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 9 Figure 9. Absolute and the relative displacements of theoretical material under different scales.

Figure 10 .

 10 Figure 10. Absolute and the relative displacements of stainless steel under different scales.

Figure 11 .

 11 Figure 11. Comparison of relative height under different conditions. Table 2. Physical properties of PSU (20% Fiber glass) and stainless steel.

  To begin with, Figures 12 depicts the change of two quantities which represent the absolute and the relative displacements under different scales. And it can be seen that, as rope position increases, the displacements tend to increase until they reach a peak value, then they tend to decrease. Besides, Fig.9(b) shows net central deformation is the same in all cases, which means that the scale effect is eliminated in our basic model.

Figure 12 .

 12 Figure 12. Absolute and the relative displacements of theoretical material with braking devices under different scales.

Figure 13 .

 13 Figure 13. Relative displacements of stainless steel with braking devices.

Figure 14 .

 14 Figure 14. Comparison of relative displacements between different materials with braking devices.

  a), the absolute height of each node at the central region of net is a function of nodes' horizonal ordinate. However, the spatial distribution of two curves is quite different because of the freins axial extension. Thus, to compare the relative difference of two curves, the smallest value of endpoints is set down to zero as illustrated in Fig.15(b). It can be obviously seen that, due to the contribution of braking devices, the final net shape becomes much more narrow and prominent. This is probably because the plastic regime of sticks could have a comparable impact on nets stress distribution, which further change the final displacement of each node. And it seems that the narrower deformation we have obtained, a much more distinct dissipation effect observed, which could demonstrate the advantage of such a mechanical design in the protection of net barriers.

Figure 15 .

 15 Figure 15. Comparison of node displacements under the condition of braking devices or not.

  Moreover, as node position increases, the tangential force tends to decrease until the central node, and then tends to increase. It seems that, in the design of net barriers against debris flow, the connection at extreme part of each sides should be carefully handled with just because of a comparably larger interne stress.

Figure 16 .

 16 Figure 16. Comparison of tangential forces under the condition of braking devices or not.However, it is instructive to note that, the main advantage and physical reason of such design involving a plastic mechanical regime as shown in the strain-stress curve have not yet been discussed. Thus, in our following discussion, a series of mechanical analyses has been performed under different values of plastic dimension and pure elastic design, which means the horizontal ordinate of point 3 (i.e. 𝜺 𝟑 ) as shown in Fig.6and the length of simulated sticks without plasticity, respectively.

Figure 17 .

 17 Figure 17. Comparison of tangential force under different conditions including plastic dimension and pure elastic design.

  material under experimental conditions, a series of numerical simulations using an extensive open-source framework called Yade DEM along with its discrete element method (DEM) is being performed by generating a rope net within certain physical properties under different loading conditions on the net nodes. And it is observed a consistent impact of simple load on the net central deformation characteristics (e.g. absolute and relative displacement) under different scaled. And the efficiency of theoretical model including five or seven dimensionless parameters by similarity analysis is confirmable. In addition, the net deformation of a chosen material (PSU) under a small scale (1:30) is in accordance with that of the theoretical material which is defined by basic model. And plastic regime of braking devices is the main reason that could improve the performance of rope net design against debris flow. Knowledge and evidence from this work might be utilized for the development and verifications of theoretical model and barriers structure design in the future.

Figure 18 .

 18 Figure 18. Representative transient frames of rope nets against woody debris within braking devices.

  

  

  

  

  

  

  

  

  

  

Table 1 . Physical parameters according to basic model Case NO.

 1 

		Scale ratio	Young's modulus 𝑬 (MPa)	Fluid velocity 𝒗	Fluid height 𝒉 (m)	Net length 𝑳 (m)	Cell size 𝒂 (cm)	Rope diameter 𝒅 𝒓𝒐𝒑𝒆 (mm)
	1	1:1	210000	6	4	5	20	10
	2	1:10	21000	1.897	0.4	0.5	2	1
	3	1:30	7000	1.095	0.133	0.167	0.667	0.333
	4	1:50	4200	0.849	0.08	0.1	0.4	0.2
	5	1:100	2100	0.6	0.04	0.05	0.2	0.1

Table 4 . Peak values of relative height under the comparison of three materials.

 4 

			Scale 1:1	Scale 1:10	Scale 1:30	Scale 1:50	𝜟𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆
	𝒎𝒂𝒙(𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝒔𝒕𝒆𝒆𝒍 )		0.44211	0.40332	0.36562	0.35015	0.09196
	𝒎𝒂𝒙 (𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍	)	0.44211	0.44362	0.44488	0.44385	0.00175
	𝒎𝒂𝒙(𝒉 𝒓𝒆𝒍𝒂𝒕𝒊𝒗𝒆,𝑷𝑺𝑼 )		-	0.45261	0.443	0.44269	-

Scale Effect: Numerical modeling of net barriers in torrents
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