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Abstract

:

The destructive and impactful forces of debris flow commonly causes local damage to engineering structures. The effect of a deformable barrier on the impact dynamics is important in engineering design. In this study, a flow–structure coupled with Smoothed Particle Hydrodynamics model was presented to investigate the effects of barrier stiffness on the debris impact. A comparison of the results of physical tests and simulation results revealed that the proposed smoothed particle hydrodynamics model effectively reproduces the flow kinematics and time history of the impact force. Even slight deflections of the deformable barrier lead to obvious attenuation of the peak impact pressure. Additionally, deformable barriers with lower stiffness tend to deform more downstream upon loading, shifting the deposited sand toward the active failure mode and generating less static earth pressure. When the debris flow has a higher frontal velocity, the impact force on the barrier is dominated by the dynamic component and there is an appreciable effect of the stiffness of the deformable barrier on load attenuation.
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1. Introduction


Flow-like landslides are differentiated from landslides by the pervasive, fluid-like deformation of the mobilized material [1], which can travel long distances at high speed (>5 m/s) [2]. It is difficult to classify flow-like landslides which are highly concentrated mixtures of water and solid material. Examples of flow-like landslides are rock avalanches, debris flow, sensitive clay flowslides and mud flows and so on [2]. Flow-like landslides can cause catastrophic losses of human life and property without warning, on account of having destructive impact forces [1,3,4]. The impact disaster caused by flow-like landslides is very serious all over the world [5,6,7,8,9]. As an example, Oso landslide occurred in Snohomish Country, Washington, USA on 22 March 2014, with a flow distance of over 2 km [7], resulting in 43 deaths and an additional economic loss of $120 million [10]. On 20 August 2014, 2 major debris flows occurred in Hiroshima city, southern Japan, resulting in 44 deaths, 74 injuries and the destruction of more than 400 residential buildings [11]. Especially in China, mountainous and hilly areas account for approximately 65% of land resource areas. Hence, the geological conditions are even more serious. In August 2010, a catastrophic debris flow in Zhouqu, China, pulled down almost 5500 houses [12]. Meanwhile, a flow-like landslide with a maximum speed of 74.6 m/s and flow distance of 2.5 km occurred in Maoxian, China, in June 2017, instantly destroying the village of Xinmo at the foot of a slope, demolishing 64 houses, and killing 10 people [13]. Prevention and control measures for flow-like landslides can be divided into: active measures and passive ones [14]. Active measures, such as disaster assessment, early warning system and land planning, etc., lack consideration of disaster mechanisms and are insufficient to reduce risk. Passive measures are engineering structures which are made of concrete, such as barriers, deflecting/catching dams, nets, and baffle piles [15,16,17,18,19,20,21,22,23], have been widely implemented. However, these protective countermeasures are commonly destroyed by geo-flows, causing even greater disaster, because large dynamic impact forces are the main damaging factor as shown by the statistical analysis of failure types for debris flows [24]. An investigation of the dynamic impact of flow–structure interactions is thus important in the design of hazard mitigation structures. The accompanying paper [25] described in detail laboratory flume tests of the debris flow impact on a deformable barrier with varying stiffness. In this paper, an advanced numerical method is introduced for the simulation of the interaction between debris flow and a deformable barrier. The paper provides guidelines for engineers to assess comprehensively the interaction between debris flow and a deformable barrier in similar cases.



Scaling problem is an unavoidable key consideration [26,27] when modelling debris flow in the laboratory test. As an alternative to physical modelling, numerical modelling is a promising method that has commonly been implemented to investigate the impact dynamics of debris flow and to assist in industrial design because of its wide applicability. The simulation of the impact dynamics of debris flows usually involves modeling the large deformation of materials. The finite-element method (FEM) has frequently been applied to solve the large-scale engineering problems mentioned above. Ma et al. [28] used CFX software to analyze the velocity field of debris flow and the size and distribution law of impact force on structure, which played an important role in the optimization design of engineering projects. Li et al. [29] analyzed the bearing capacity of the retaining dam under the impact of debris flow on the ANSYS Workbench platform, and proposed a new type of steel-concrete combined protective structure. However, it is difficult to simulate such large deformation problems of debris flows using the FEM because of severe mesh distortion, inaccurate solutions, and convergence failure [30,31]. Even if the above problems can be solved by remeshing, the modeling remains problematic owing to the time required and the complex nature of the constitutive models [32]. Alternatively, the discrete element method (DEM) can easily handle large deformations owing to its Lagrangian characteristics. Ng et al. [33] analyzed the impact effect of dry debris flow on structures by DEM method, and discussed the influence of different structural forms on flow-structure interaction. However, the DEM remains limited to small-scale problems on account of its computational demand. Additionally, the determination of DEM input parameters remains controversial [34]. In the last few years, a few mesh-free continuum-scale methods of modeling a series of large movements of materials have been developed; e.g., the moving-particle semi-implicit method [35], element-free Galerkin method [36], and finite point method [37]. Among these, the smoothed particle hydrodynamics (SPH) method is robust and reliable in the simulation of debris flows [24,38,39,40,41,42]; the SPH method was initially developed for astrophysical analysis by Gingold and Monaghan [43]. The meshless and Lagrangian nature of the SPH method allows granular-flow materials to be discretized as a series of particles, conveying all of the field variables (e.g., density, position, velocity, and pressure), whose behavior can be obtained directly by solving the Navier–Stokes equations without adopting depth integration or the shallow-water assumption [44]. Sun et al. [45] used SPH method to study the interaction between rock avalanches and protective structure, and put forward reasonable suggestions for optimal design of protective structure based on numerical results. Moreover, Moriguchi et al. [1], Dai et al. [24], Sheikh et al. [46], and He et al. [34] applied the SPH method to simulate the flow behavior of granular materials on rigid structures and obtained promising results. The SPH method is thus adopted in the present work to investigate the effects of the structural stiffness of a deformable barrier on characteristics of the granular flow impact.



This paper establishes an effective fluid–structure coupled SPH model by solving the governing equations of the flow and structure as a regularized Bingham model [47] and an elastic constitutive model, respectively. The results of the flume tests presented in Part I [25] of the study are then used as benchmarks to validate the SPH model. The SPH model is used to further explore the effect of the barrier stiffness on static pressure and the effects of the debris flow frontal velocity on the impact force and response of the deformable barrier.




2. Flow–Structure Coupled SPH Model


2.1. Smooth Function


As a continuum-scale mesh-free method, the SPH method discretizes the computational domain using a series of discrete particles conveying all of the field variables. The specific steps of the SPH method are a kernel approximation and particle approximation. The field function f(xi) and its derivative    ∇ i     f ( x   i  )   at the position xi can be rewritten as:


         f   (   x i   )   =     ∑    j = 1   N    m j       f ( x   j  )    ρ j     W  i j   ,      



(1)






       ∇ i  f  (   x i   )   =       d f ( x   i  )     d x  i     =  −    ∑    j = 1   N    m j       f ( x   j  )    ρ j     ∇ i   W  i j   ,      



(2)




where the subscripts i and j, respectively, denote the particle of concern and the neighboring particle in the domain of influence, N is the number of particles within the influence domain of particle i,    m i    and    ρ i    are, respectively, the mass and density of the i-th particle, and    W  i j     is the smoothing Kernel function. This work implements the Wendland kernel function, ensuring robust and stable solutions with a relatively high calculation efficiency [48]:


       W  i j      = α   d     ×   {         (   1    −  R 2   )   4   (   2 R + 1   )     for   R    ≤    2         0   o t h e r w i s e       }  ,      



(3)




where    α d   = 7  / (    4 π h   2  )   in 2-dimensional space and      R = ( x   -   x   ′   ) / h      is the normalized distance (Figure 1).



To overcome tensile instability when the support domains are incomplete at the boundary, a simple correction was presented by Bonet and Lok [49] to replace the original kernel gradient. The corrected kernel gradient method used in SPH simulation has been shown to exactly reproduce the gradient of a linear function [24].




2.2. Governing Equations


The basic governing (Navier–Stokes) equations of debris flow include the continuity equation and momentum conservation equations, which are written in the Lagrangian framework as:


     d ρ    d t   = − ρ ∇ ·  v ,   



(4)






    d v   d t   =  1 ρ  ∇ ·  σ + g ,   



(5)




where ρ and v are, respectively, the bulk density and velocity vector and  g  is the acceleration due to gravity. The Cauchy stress tensor σ is comprises the pressure P and deviatoric stress tensor τ:


   σ =  − p I + τ .  



(6)







The pressure term P is updated using an equation of state, with the elastic pressure being proportional to the change in density:


   P i   =   c  s o u n d  2   (  ρ −  ρ 0   )  ,  



(7)




where ρ0 is a reference density that is commonly taken as the initial density of flow and csound is the speed of sound treated as a numerical constant. We determine that    c  s o u n d    =     K   ρ 0        to ensure the ability to describe a solid mechanism referring to previous studies [24], where K is the bulk modulus.



Previous studies demonstrated that the mechanical behaviors of flowing fine sand can be described using rheological models [24,38,42,50,51]. Among these models, the Bingham model is widely used in simulating lava flow, snow avalanches, rock avalanches, and other such granular flows [1,38,52,53,54]. Nevertheless, the Bingham model may be singular when    γ ˙  = 0  . Here,   γ ˙   is the second invariant of the strain rate tensor and is expressed as   γ ˙  =   1 2   ε ˙   ε ˙   . In this paper, we adopt the regularized model proposed by Zhu et al. [47]:


  τ  =  η  a p p    ε ˙   ,  



(8)




where ηapp is the apparent viscosity.   ε ˙   is the local strain rate tensor and is expressed as


   ε ˙  = [  ∇ v  +    ∇ v   T  ] / 2 .    



(9)







In the regularized Bingham model, the apparent dynamic viscosity ηapp is expressed as


   η  a p p   =  η 0  +    τ y    γ ˙   ( 1 −  e  − m  γ ˙    ) .    



(10)




where the regularization parameter m is used to handle the numerical divergence problem of the equivalent viscosity coefficient under small deformation. In this work, m = 100 is adopted following Li et al. [38]. With this regularization, the apparent dynamic viscosity limit converges to    η 0  + m  τ y    when    γ ˙    tends to zero. τy is the Mohr–Coulomb yield stress used to describe the cohesive and frictional behavior of flowing sand and is expressed as


   τ y   = c + P t a n φ ,   



(11)




where c is the cohesion of the soil material, φ is the internal frictional angle, and P is the pressure.



The governing equation of the mass of the structure in the Lagrangian frame is written as


     ρ J = ρ   0   J 0  ,  



(12)




where ρ and ρ0 are, respectively, the current and initial densities and J and J0 are respectively the current and initial determinants of the deformation gradient F. We have


   J = det   ( F )  ,  



(13)






   F =    d u   d X    =    d u   d X    + I ,   



(14)




where X is the referent coordinate and u = x − X is the current coordinate.



The governing equation of momentum is


    d v   d t   =  1 ρ  ∇ ·    σ + F    f → s   ,  



(15)




where    F  f → s     is the interaction force density exerted on the structure by the debris flow. The stress tensor σ is expressed by


   σ =  − p I +  S ,   



(16)




where S is the deviatoric stress tensor of structure. The stress–strain relationship is expressed according to Jaumann’s formulation of Hooke’s law as


      d S    α β      d t    = 2 μ   (   ε   α β       -   1 3   δ   α β     ε   α β     )       -   S       α k     ω     k β       + ω       α k       S       k β    ,  



(17)




where μ is the shear modulus of the modeled material, ε is the strain rate tensor, and ω is the rotation rate tensor.




2.3. Setup of the Numerical Model and Simulation Plan


Figure 2 shows that the setup of the numerical model corresponds to the flume model reported in Part I of the study used in this calibration. The sliding surface is inclined at a fixed angle of 45° and has dimensions (length × width × height) of 4000 mm × 400 mm × 1500 mm. A hopper stores sliding sand behind an automatic gate. A barrier with a height of 300 mm is set at a distance of 0.2 m from the foot of the slope. The flume and barrier are, respectively, modeled as rigid and elastic walls as the SPH model is calibrated. The bulk density of the test sand is 1400 kg/m3. The cohesion and friction angle of the sand are, respectively, c = 0 Pa and φ = 34° in the test. The different barrier materials, namely low-density polyethylene, high-density polyethylene, and polypropylene, are, respectively, simulated with elastic moduli of 0.6, 0.8, and 1.0 GPa. Additionally, tests are conducted and the results analyzed to reveal fundamental insights into the impact dynamics of the sand flow for the three cases of barrier stiffness. In addition to ensuring computational efficiency, the test sand and flume are discretized with an initial distance of △r = 0.01 m [24,55]. The key simulation parameters are summarized in Table 1. The hydrodynamic equation F = αρv2hL [56] shows that a change in flow velocity affects the impact force, which might result in a different load attenuation for a deformable barrier with different stiffness. To explore the effects of the frontal velocity of the debris flow, we design a systematical program for the parametric study, which is a function of barrier stiffness and flow velocity (changed by different initial position) as presented in Table 2. Among them, the initial conditions of P_15/S_6, P_15/S_8 and P_15/S_10 were corresponding to that of the experiments conducted in part I [25] (S_6, S_8 and S_10, respectively).





3. Validation of the Flow–Structure Coupled SPH Model


To verify the accuracy and effectiveness of the proposed SPH model, the flow kinematics and impact dynamics simulated using the SPH model are compared with the results of the experiments reported in Part I [25]. Time, t, began as the granular flow struck the barrier in all of the results without specific illustration. Figure 3 compares the velocity fields of the flow obtained through particle image velocimetry (PIV) (left) and flow kinematics computed using the proposed SPH method (right) at several instances for test P_15/S_10. At time t = 0.0 s, a wedge-like flow approached the barrier with a simulated maximum frontal velocity of approximately 3.4 m/s, which is slightly higher than the maximum frontal velocity observed in the test (3.2 m/s). At time t = 0.11 s, the flow struck the barrier with the maximum velocity reduced by about 20% to 2.7 m/s, gradually creating a dead zone near the wall and gradually increasing the loading of the barrier until reaching a peak value. Subsequent flow overtopped the dead zone, providing a cushioning layer, and then began to run up along the surface of the barrier, falling back upon reaching the top. At t = 0.50 s, the maximum flow velocity was 1.7 m/s, the size of the dead zone increased and there was piling up near the barrier as a static equilibrium was reached progressively. There was a small difference of 5% in the maximum velocity between the simulation and the PIV and little difference in the final deposition profiles, showing that the presented SPH model suitably describes the flow kinematics of the flow–structure interaction.



Besides comparing the flow kinematics, the impact dynamics need to be validated for the SPH model. Figure 4a,b show the evolution of the impact forces in the physical flume experiment and numerical simulation for three values of barrier stiffness. The peak impact forces obtained for the barrier were 11.7, 17.3, and 20.4 kPa in the physical experiment and 13.1, 19.5, and 22.1 kPa in simulation for E = 0.6, 0.8, and 1.0 GPa, respectively; i.e., the numerical impact forces were 12%, 12%, and 8% higher than the measurements in the physical experiment. No difference between the physical and numerical impact forces was greater than 12%, demonstrating the alignment between the results of the physical experiment and numerical simulation. The general trends of the change in the strain acting on the barrier at different values of stiffness were well simulated using the proposed SPH method. Additionally, the proposed SPH numerical framework allows for the accurate estimation of the dynamic impact process for the flow–structure interaction if used with an appropriate constitutive model.




4. Interpretation of the Computed Results


4.1. Effects of the Barrier Stiffness on the Earth Pressure Coefficient


Figure 4 shows that the peak impact force attenuated with a decrease in the stiffness of the barrier. Not only did the deflection at peak load attenuate but there was also an effect on the static lateral earth pressure. Figure 5 compares the static earth pressure behind barriers of different stiffness for the final deposition of the sand flow. The mobilization of full passive resistance requires a wall movement on the order of 10–15% of the embedded depth in the case of loose sand; the corresponding mobilization of active pressure is on the order of 1%. Adopting Rankine theory, we calculate the active and passive earth pressure coefficients as Ka = 0.21 and Kp = 4.60, respectively.



As barriers tend to deform in a downstream direction upon loading, the pressure coefficient of the granular material is expected to be close to the active pressure coefficient (Ka). For test P_15/S_10, the back-calculated earth pressure coefficient is 4.19, which is close to the passive pressure coefficient, implying a slight deflection downstream upon loading and the sand flow not being fully mobilized to an active mode. The deduced earth pressure coefficients of tests P_15/S_8 and P_15/S_6 were 2.82 and 1.64, respectively. The deflection of the barrier downstream upon loading increased with decreasing barrier stiffness. The sand flow deposited near the wall moved further with the deformation of the barrier, which in turn incrementally increased the shear energy dissipation of sand layers and shifted the deposited sand toward an active failure mode. These results show that a lower static earth pressure acts on a barrier of lower stiffness, with the earth pressure coefficient being strongly affected by the stiffness of the barrier. Additionally, the distribution of the lateral earth pressure did not reach the passive failure mode for any barrier, implying that the adoption of the passive pressure coefficient (Kp) is suitable for engineering design.




4.2. Effects of the Frontal Velocity


The hydrodynamic equation F = αρv2hL shows that a change in flow velocity affects the impact force, which might result in a different load attenuation for a deformable barrier. To explore the effects of the frontal velocity of the debris flow, the initial position of sand was varied as 1.3, 1.4, 1.6, and 1.7 m in further simulation using the presented fluid–structure coupled SPH model. The peak force and the static force, normalized by the peak force of P_15/S_10, are shown in Table 3. In Table 4, the frontal velocity ζ denotes the normalized frontal velocity which was normalized by the velocity of sand flow having an initial position of 1.5 m (3.4 m/s). The peak impact force, which is normalized by the force for ζ = 1.0, generally increases with the frontal velocity of the debris flow, as expected. And an increase in ζ also results in higher load attenuation. The debris flow with lower frontal velocity carried limited momentum and thus generated a limited peak impact force with low peak-static force ratio on the deformable barrier. At this moment, the deflection may mostly be the result of the static pressure rather than that of the peak impact force [57], inducing slighter deflection of barrier. Correspondingly, when the debris flow has a higher frontal velocity, the impact force on the barrier is dominated by the dynamic component. This generates a greater peak impact force and results in a greater downstream deflection of the deformable barrier with appreciable load attenuation.



However, a natural debris flow is a mixture of water, sand, and boulders and thus has more complex dynamic characteristics. The results of this study relate only to fine sand flow or viscous debris flow and more experimental and simulation results are needed to quantify the effects of the material properties of a debris flow on the load attenuation of the deformable barrier. Meanwhile, there are limitations to the proposed SPH model, and proper constitutive models, which require the capturing of the characteristics of both unsteady flows and dynamic impacts, are needed for better modeling.





5. Discussion


This paper addresses some of the fundamental aspects of debris flow impact barriers with different stiffnesses and the results of the presented SPH model had been compared with the experiments in part I [25]. Generally, good agreements are obtained. However, there are some issues needed to be solved which call for further investigation. For simulations in Section 3, the flows run about 0.2 m/s faster than the experimental measured velocity in our simulation. We found that the Bingham model with Mohr-Coulomb yield criterion is insufficient in debris flow modelling. This discrepancy was also observed in other numerical simulation, showing that an applicable constitutive relation which can describe the multi-stage dynamic behavior of granular flows is requisite for accurate simulation [58]. Flow-like landslides in the natural state present mixtures of water, air and solid grains with different size [2]. In the process of large deformation and high-speed movement, the particles are randomly distributed in space and time, and different flow states coexist, showing unsteady flow characteristics, which leads to the non-stationary impact effect [59,60]. An appropriate constitutive model is needed to provide a more accurate simulation of the dynamic impact process for flow-structure interaction. On the other hand, a hydromechanical coupled SPH model should be developed in future studies for different cases considering the bed entrainment during the propagation of debris flows and the multiphase fluid model. Moreover, numerous experimental results of interaction between debris flow and deformable structures are needed to further validate the presented method so that it can be used more widely in the future.




6. Conclusions


The investigation of the dynamic impact behavior of flow–structure interactions is important to the design of hazard mitigation structures. This work quantitatively analyzed the effects of the barrier stiffness on the impact dynamics using a flow–structure coupled SPH numerical model. The main findings of the study are as follows.



	(1)

	
The presented flow–structure coupled SPH modeling solves the governing equations of the flow and structure and considers the flow–structure interaction. A comparison of the results of numerical and physical tests showed that the proposed numerical model can be used to simulate the problem of a large deformation flow effectively and predict the flow kinematics and impact force appropriately;




	(2)

	
The deduced static earth pressure coefficients revealed that barriers with lower stiffness tend to deform downstream upon loading, shifting the pressure coefficient of the deposited sand toward the active pressure coefficient (Ka);




	(3)

	
The peak impact force generally increases with the frontal velocity of the debris flow. Moreover, the stiffness of the deformable barrier affects the load attenuation when the debris flow has larger frontal velocity, in the situation that the impact force on the barrier is dominated by the dynamic component.
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Figure 1. Interaction between particles. 
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Figure 2. Sketch of the simulated flume model. 
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Figure 3. Comparison of impact kinematics at different times (test ID: P_15/S_10): (a) t = 0.00 s, (b) t = 0.11 s, (c) t = 0.50 s; the velocity field of flows through PIV (left); computed flow kinematics through SPH (right). 
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Figure 4. Histories of the tested (a) and simulated (b) impact forces for different values of barrier stiffness. 






Figure 4. Histories of the tested (a) and simulated (b) impact forces for different values of barrier stiffness.



[image: Water 14 00182 g004]







[image: Water 14 00182 g005 550] 





Figure 5. Static earth pressure distribution of deposited sand. 
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Table 1. Key input parameters of simulation.
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	Material Property
	
	Parameters





	Bulk density
	ρ (kg/m)
	1400



	Cohesion
	c (kPa)
	0.0



	Internal friction angle
	φ (°)
	34



	Equivalent viscosity
	η (Pa·s)
	1.0



	Young’s modulus of sand
	E (GPa)
	0.01



	Poisson’s ratio of sand
	ν (\)
	0.25



	Poisson’s ratio of barrier
	ν (\)
	0.30



	The initial distance
	△r (m)
	0.01



	Unit time step
	dt (s)
	2.0 × 10−6
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Table 2. Numerical simulation program.






Table 2. Numerical simulation program.





	
Test ID

	
Young’s Modulus/E

	
Initial Height of Sand






	
P_13/S_6

	
0.6 GPa

	
1.3 m




	
P_14/S_6

	
1.4 m




	
P_15/S_6

	
1.5 m




	
P_16/S_6

	
1.6 m




	
P_17/S_6

	
1.7 m




	
P_13/S_8

	
0.8 GPa

	
1.3 m




	
P_14/S_8

	
1.4 m




	
P_15/S_8

	
1.5 m




	
P_16/S_8

	
1.6 m




	
P_17/S_8

	
1.7 m




	
P_13/S_10

	
1.0 GPa

	
1.3 m




	
P_14/S_10

	
1.4 m




	
P_15/S_10

	
1.5 m




	
P_16/S_10

	
1.6 m




	
P_17/S_10

	
1.7 m
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Table 3. The peak force and the static force normalized by the peak force of P_15/S_10.
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	Test ID
	The Peak Force
	The Static Force





	P_13/S_6
	0.61
	0.38



	P_13/S_8
	0.71
	0.46



	P_13/S_10
	0.87
	0.52



	P_14/S_6
	0.67
	0.36



	P_14/S_8
	0.78
	0.45



	P_14/S_10
	0.95
	0.53



	P_15/S_6
	0.70
	0.36



	P_15/S_8
	0.82
	0.47



	P_15/S_10
	1
	0.51



	P_16/S_6
	0.84
	0.38



	P_16/S_8
	0.98
	0.51



	P_16/S_10
	1.18
	0.54



	P_17/S_6
	0.90
	0.35



	P_17/S_8
	1.04
	0.40



	P_17/S_10
	1.25
	0.45
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Table 4. Effects of the frontal velocity on the peak impact forces (F/Fζ = 1.0), the peak-static force ratio (F/Fstatic) at a barrier stiffness of 1.0 GPa and the load attenuation rate.
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	Frontal Velocity Ratio ζ
	Impact Force Ratio F/Fζ = 1.0
	Impact Force Ratio F/Fstatic
	Impact Force Attenuation Percentage (%)





	0.76
	0.87
	1.67
	25.85



	0.88
	0.95
	1.78
	27.82



	1
	1
	1.94
	29.56



	1.06
	1.18
	2.17
	33.78



	1.15
	1.25
	2.77
	35.19
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