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Abstract:



Simulating the impact of debris flows on structures and exploring the feasibility of applying energy dissipation devices or shock isolators to reduce the damage caused by debris flows can make great contribution to the design of disaster prevention structures. In this paper, we propose a new type of device, a lateral damping buffer, to reduce the vulnerability of building structures to debris flows. This lateral damping buffer has two mechanisms of damage mitigation: when debris flows impact on a building, it acts as a buffer, and when the structure vibrates due to the impact, it acts as a shock absorber, which can reduce the maximum acceleration response and subsequent vibration respectively. To study the effectiveness of such a lateral damping buffer, an impact test is conducted, which mainly involves a lateral damping buffer attached to a two-degree-of-freedom structure under a simulated debris flow load. To enable the numerical study, the equation of motion of the structure along with the lateral damping buffer is derived. A subsequent parametric study is performed to optimize the lateral damping buffer. Finally, a practical design procedure is also provided.
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1. Introduction


Debris flows can cause serious damage to infrastructures and threaten lives. There have been a considerable number of debris flows involving the destruction of mountain villages and small towns, such as the disasters which occurred in Venezuela in December 1999 [1] and in Zhouqu, China, in August 2010 [2]. Mountainous areas with low vegetation cover and up-and-down landform are extremely vulnerable to debris flows. Therefore, buildings in these mountainous areas are prone to damage by debris flows. Actually, buildings play an important role in resisting debris flows. Hence, drastic measures are urgent to ensure buildings withstand such kinds of disasters.



Studies on buildings against debris flows specifically are relatively deficient; however, there is still some research involving mitigation measures to reduce the damage by debris flows and the interaction between debris flows and buildings [3,4]. Debris flow mitigation measures can be categorized into two classifications, namely engineering measures and non-engineering measures [5]. Meanwhile, engineering measures include drainage systems [6,7], check dams [8,9,10], and flexible barriers [11], etc., while non-engineering measures involve disaster warning and evacuation systems, retrofitting and reinforcement of buildings [12], etc. In this paper, the main goal is to propose some specific structural measures to reduce the damage to buildings caused by debris flows from the perspective of building retrofitting.



It is known that debris flow is characterized by high velocity, strong striking force and severe destruction [13]. Therefore, if prevention measures are based on reinforcement, the construction cost would be drastically high, while the safety of buildings still cannot be guaranteed for the randomness of debris flows. Therefore, people should seek a method to retrofit buildings with some devices or equipment of a lower cost. On the other hand, the application of structural vibration control in aseismic engineering field provides a new solution to this problem. In civil engineering, the systematic knowledge of structural vibration control was first introduced by Yao [14], and structural control plays an important role in engineering nowadays [15,16,17]. It is a typical method to attach devices [18] or to study the failure modes [19] to prevent structures from being destroyed under earthquake. Moreover, in the field of vehicle control, the semi-active suspension [20,21,22,23] and active suspension [24] play an important role in guaranteeing both safety and comfort of cars. In this way, devices or equipment suitable for different structures or applicable to different scenarios (e.g., [25,26,27,28,29,30]) are put forward to reduce the structure’s response under different dynamic loads.



Enlightened by various structural control methods [25,26,27,28,29,30] and semi-active suspensions [20,21,22,23] as well as active suspensions [24], a lateral damping buffer is proposed to retrofit buildings in debris flow-prone areas. Specifically, it is a combination of traditional buffer and shock absorber. By attaching such devices to existing buildings, the structures’ debris flow resistance can be enhanced a lot, especially when the loading level is high; the maximum acceleration response can be reduced by nearly half. In addition, the construction is fairly simple because the buffer can be directly attached to the existing structure without large-scale reconstruction. To examine the performance of the lateral damping buffer, an impact test of such a device attached to a two-degree-of-freedom (DOF) structure under a simulated debris flow load is completed. In China, there are mainly three types of domestic structures in mountain regions of the western area, namely, reinforced framed structures, masonry structures, and reinforced masonry structures [31]. In this paper, we take a frame structure as an example to study the effect of the buffer. Then, a numerical simulation is performed to validate its rationality. Finally, based on parametric study, a practical design procedure is provided.




2. Schematic of a Lateral Damping Buffer


A schematic of the lateral damping buffer is shown in Figure 1. Two pieces of board are connected by springs, acting together as a cushion to the impact. In addition, eight boxes with eight particles uniformly adhere to one of the boards, whose main function is to enlarge the damping as energy-dissipating dampers. Meanwhile, the diameter of the particles is 12 mm, and each particle weighs 7 g. The size of the boxes is 25 mm × 25 mm × 18 mm, and each one weighs 6 g.


Figure 1. A lateral damping buffer: (a) Front view; (b) Side view; (c) Model picture.
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As mentioned above, a lateral damping buffer takes effective roles in two ways. Firstly, it is installed in the impact point, and works as a cushion. In this way, the lateral damping buffer can reduce the peak intensity of applied stresses effectively at the beginning of impact. Then, the particles collide with the boxes to enlarge the damping coefficient of the system, so that the subsequent vibration of structures can be further reduced. On the whole, the lateral damping buffer reduces the response of structures subjected to debris flow impacts by decreasing both the peak value and the mean value.




3. Experiment Validation


3.1. Experiment Design


In the experiment, responses of an uncontrolled structure and a structure with the lateral damping buffer under simulated debris flows are measured to make a detailed comparison. For the buffer case, the lateral damping buffer is installed at the potential impact point, as is shown in Figure 2. In this way, the effectiveness of the lateral damping buffer can be examined. In most mountainous areas of China, the buildings to be hit are typically reinforced framed structures, masonry structures or reinforced masonry structures. In this paper, a two-degree-of-freedom frame structure is used as a primary structure, whose mass is 0.9 kg, with added mass weighing 6 kg evenly placed on the two layers. The first and second order frequencies of the structure are 3.56 Hz and 14.07 Hz, and its damping ratio is 4.0% [32].


Figure 2. Schematic diagram of the test: (a) Uncontrolled structure; (b) Structure with the lateral damping buffer; (c) Experimental model picture.
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A test site is designed according to the situation when debris flows break through and the test operability, shown in Figure 3. The loading device includes a slope with an angle of 30° on the horizontal plane and a fixed mount. Referring to other experts’ experience, the load of debris flows is simulated by an impact force caused by a ball rolling down from a slope [33,34,35]. There is one accelerometer placed at the top of the test model to record the structural response.


Figure 3. Experimental device.
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In the test, the impact load is exerted on the primary structure when the steel ball weighing 0.51 kg rolls down from different heights. The loading procedures are divided into ten grades. The relative height of the first loading is 0.05 m, and the height difference between two loading grades is 0.05 m. Response of the structure is measured by accelerometers.




3.2. Responses in Time Domain


Figure 4 shows a typical acceleration time history curve of the structure with and without a buffer. It can be found that the response of the structure with the lateral damping buffer is smaller than that of the uncontrolled structure, in which the peak value of the acceleration is reduced evidently. The maximal acceleration response appears at the beginning of the time history curves. As is mentioned above, the lateral damping buffer can be regarded as a combination of a shock absorber and a buffer. Given that energy dissipation devices need time to work, when the maximum value of acceleration response appears, the shock absorbers in the device have not functioned yet. Therefore, the buffer of the device makes a major contribution to the reduction of the maximal acceleration response of the primary structure.


Figure 4. Time history curves of structure with/without a lateral damping buffer (grade 7).
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To study the effectiveness of the damping buffer in reducing the subsequent vibration of the primary structure after impact, root mean square (r.m.s) response is taken as a measurement index. Furthermore, the influence of the buffer can be eliminated by removing the wavelengths where the peak value was.



The response reduction effects of both the maximum acceleration and the root mean square acceleration are shown in Figure 5. It can be seen that the responses of both the maximum acceleration and the root mean square acceleration of the structure with the lateral damping buffer are reduced largely. In addition, the response reduction effect is relatively small when the loading grade is low, while the response reduction effects of both the maximum acceleration and the root mean square acceleration increase step by step as the loading grade increases. That is, the larger the impact force, the better the effectiveness of the device, which is obviously beneficial to the practical engineering application.


Figure 5. Acceleration response and the reduction efficiency: (a) Maximum acceleration; (b) Root mean square (r.m.s) acceleration; (c) Response reduction effects.
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3.3. Responses in Frequency Domain


Figure 6 shows the responses of the uncontrolled structure and the structure with buffer in the frequency domain under the loading cases of grade 4 and grade 6.


Figure 6. The frequency domain response: (a) Grade 4; (b) Grade 6.
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From the figure, it can be seen that:

	(1)

	
The Fourier spectrum of the acceleration time history curve of the uncontrolled structure has two obvious peak values in the vicinity of 3.6 Hz and 14 Hz respectively, which correspond to the measured natural frequencies. However, the Fourier spectrum of the structure with buffer has just one peak value in the vicinity of 8 Hz, since the attachment of the buffer has strengthened the integrity of the structure.




	(2)

	
As for the amplitude, the response of the structure with a buffer is clearly reduced. That is, the vibration of the structure is under control and the lateral damping buffer has good effects.




	(3)

	
The Fourier spectral lines show the distribution of the vibration power of the primary structure in the frequency domain. The area under the Fourier spectral line of the structure with the buffer is smaller than that of the uncontrolled one, which shows the lateral damping buffer can greatly decrease the vibration energy of structures.




	(4)

	
Compared the response under fourth loading grade and sixth loading grade, the latter is evidently smaller than the former, indicating that with increasing impact, the buffering and vibration controlling effects of the device will increase.










3.4. Equivalent Damping Ratio


According to the test, the equivalent damping ratios are calculated based on its definition [32] (shown in Table 1). The equivalent damping ratio of the uncontrolled structure is about 4.0%, while the equivalent damping ratio of the structure with lateral damping buffer is 5.2%–7.5%, with improvement being 30.0%–87.5%. The lateral damping buffer has control effectiveness on account of the subsequent structural vibration.



Table 1. Equivalent damping ratio (%).







	
Loading Grades

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10






	
Uncontrolled

	
4.0

	
4.0

	
4.0

	
4.0

	
4.0

	
4.0

	
4.0

	
4.0

	
4.0

	
4.0




	
With isolators

	
5.2

	
6.2

	
6.1

	
6.2

	
5.4

	
6.1

	
6.7

	
7.5

	
7.0

	
6.3




	
Improvement

	
30.0

	
55.0

	
52.5

	
55.0

	
35.0

	
52.5

	
67.5

	
87.5

	
75.0

	
57.5












4. Numerical Simulation


As introduced in Section 2, a lateral damping buffer can be regarded as a combination of a buffer and a shock absorber. Meanwhile, the element of the buffer functions in a remarkably short period of time, mainly in the vicinity of the moment of impact. Specifically, the peak value of the acceleration of the controlled structure is reduced greatly compared to the uncontrolled structure. In this limited timespan, the shock absorber has not come into action yet because the increase of the damping coefficient by the collision of the boxes and particle takes time. Then, after impact, the portion of the shock absorber functions step by step and reduces the subsequent vibration of the primary structure gradually. In summary, the two roles of the lateral damping buffer take effect in different periods of time: the buffer portion works in a short time in the vicinity of the impact, while the shock absorber portion works mainly in the process of the structural vibration after impact. Consequently, the effectiveness of the two parts can be considered respectively.



To simulate the whole process of the structural vibration reasonably, the process of the response of the structure is divided into two parts: the maximum acceleration and the root mean square of the subsequent response.



4.1. The Cushion Phase


In this section, the buffer action of the device is the main consideration and the calculation of peak acceleration is the major subject. The structure is simulated as an entirety with infinite rigidity of the beam assumption and the steel ball is simplified to a particle. In addition, the buffer is simulated by a contact spring. The mechanical model is shown in Figure 7. The equations of motion can be established on the basis of the D'alembert principle.


Figure 7. Mechanical model: (a) Geometric parameters; (b) Motion parameters.
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In the system shown in Figure 7, m0 and M represent the impact ball and the primary structure respectively, [image: there is no content] denote the stiffness of the contact spring, the lateral bracing rigidity and the anti-rotation stiffness of the structure respectively, [image: there is no content] stand for the total height of the structure, the height of the center of gravity from the bottom of the structure and the difference of height between the center of gravity and the contact spring respectively, and J means inertia rotation.



In the process of the impact, the displacement of the steel ball [image: there is no content] is represented by [image: there is no content], the displacement of the primary structure is represented by [image: there is no content], the rotational angle at the bottom of the structure is represented by θ, and the bottom lateral translation of the structure is small enough to be neglected. Meanwhile, the influence of the damping is not considered because the peak value appears at the very beginning of the process of the response and the damping has not come into play to reduce the vibration. The equation of motion is given as:


[image: there is no content]



(1)







The velocities [image: there is no content] of the steel ball in different loading grades can be calculated by the theorem of kinetic energy (shown in Table 2). Therefore, the equation of motion can be solved and the simulated peak values of the acceleration response of the structure in different loading grades can be obtained.



Table 2. Impact velocities of the iron ball.







	
Loading Grades

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10






	
Height (m)

	
0.05

	
0.1

	
0.15

	
0.2

	
0.25

	
0.3

	
0.35

	
0.4

	
0.45

	
0.5




	
Velocity (m/s)

	
0.77

	
1.08

	
1.33

	
1.53

	
1.71

	
1.88

	
2.03

	
2.17

	
2.3

	
2.42











4.2. The energy Dissipation Phase


To study the vibration damping performance of the shock absorber portion, the root mean square response of the subsequent waves is calculated. The structure with the lateral damping buffer is simplified as a 3-DOF model (the primary structure is 2-DOF and the lateral damping buffer is the third DOF), and the equation of motion is established. The waveband where the peak value is located has been obtained in Section 4.1. Therefore, the velocity and the acceleration at the end of the mentioned waveband can be regarded as initial conditions to solve the equation.



The equation of the motion is given as:


[image: there is no content]



(2)




where stiffness matrix [image: there is no content]; mass matrix [image: there is no content]; damping matrix [C] is determined according to the Rayleigh damping assumption. [image: there is no content] represent the mass of the first storey and the second storey of the primary structure, as well as the mass of the lateral damping buffer, respectively; [image: there is no content], [image: there is no content], [image: there is no content] represent the stiffness of the first storey and the second storey of the primary structure, as well as the stiffness of the lateral damping buffer, respectively, and [image: there is no content], [image: there is no content], [image: there is no content] represent the displacements, velocities and accelerations of both the primary structure and the lateral damping buffer given by the impact.




4.3. Calculation Parameters


In the test, the primary structure with added mass weighs 6.9 kg totally, so [image: there is no content], and the mass of the lateral damping buffer [image: there is no content] = 0.33 kg. The first and second order frequencies of the structure are [image: there is no content] and [image: there is no content]. The stiffness of the structure is [image: there is no content]. Moreover, the stiffness of the buffer is obtained by measurement, [image: there is no content].



The damping matrix [C] is determined according to the Rayleigh damping assumption


[image: there is no content]












4.4. Calculation Results


In this paper, the numerical simulation is accomplished. The experimental maximum acceleration and the calculated maximum acceleration are shown in Figure 8. The curves of experimental and calculated acceleration time histories are shown in Figure 9. It can be seen that the calculated values agree well with the experimental results. Extraordinarily, the calculated peak value shows high degree of fit. Considering the debris flow characteristics of high velocity, strong striking force and severe destruction, the study aimed at peak value of the response is more meaningful.


Figure 8. The comparison of the experimental and calculated maximum acceleration.
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Figure 9. The comparison of the experimental and calculated time history curves: (a) Grade 2; (b) Grade 8.



[image: Applsci 07 00201 g009]







4.5. Parametric Study


To study the influence of different parameters and obtain reasonable design of the lateral damping buffer, the effects of its contact stiffness, damping ratio and the mass ratio are discussed.



4.5.1. Contact Stiffness


To study the influence of contact stiffness on the effectiveness of the lateral damping buffer, the response of the primary structure can be calculated by the methods above with different contact stiffness. The initial velocity is taken as the velocity in grade 5, and the contact stiffness ranges from 1000 [image: there is no content] to 3000 [image: there is no content]. Then, the peak values of the structural response (as shown in Figure 10) are calculated by the methods mentioned in Section 4.1.


Figure 10. The influence of the contact stiffness.
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From Figure 10, it can be seen that the maximum acceleration increases with the enlargement of the contact stiffness. In other words, the decrease of the contact stiffness can improve the reduction performance, but there is a deformation limit for springs in reality. Therefore, although the relative “soft” spring is preferred, the choice of contact stiffness will also be constrained by practical considerations. That is, the relative “soft” spring is preferred according to the parametric study. However, the stiffness of the spring cannot be infinitely small. There is a restriction, which is the limit of spring deformation. At the very least, it should be ensured that the spring can operate normally under the impact load of debris flow, and this is related to site investigation of the designed target area.




4.5.2. Damping Ratio


To study the influence of the damping ratio, the response of the primary structure can be calculated by methods illustrated in Section 4.2 with different damping ratios. The initial velocity and initial acceleration are taken as the velocity and acceleration in grade 5, and the damping ratio is taken as ξ = 0.04, 0.05, 0.06, 0.07, 0.08, and 0.09. Then, the root mean square accelerations (as shown in Figure 11) are calculated by the methods in Section 4.2.


Figure 11. The influence of the damping ratio.
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From Figure 11, it can be seen that the root mean square accelerations decrease with the enlargement of the damping ratios. In other words, the increase of the damping ratio can improve the reduction performance. Hence, by optimizing the parameters of the boxes and the particles, the structural damping can be increased, thereby reducing the subsequent structural vibration.




4.5.3. Mass Ratio


To study the influence of the mass ratio (the ratio of total auxiliary mass, including the boards, springs, particles and boxes, to the mass of test model), we can calculate the response of the structure by the methods in Section 4.1 and Section 4.2 with different mass ratios. The mass ratio is different from the previous two parameters in that it affects both the structural response in two phases. Therefore, the analysis of this parameter can be considered from the two aspects of peak acceleration and root mean square acceleration, respectively. The initial velocity and initial acceleration are taken as the velocity and acceleration in grade 5, and the mass ratio ranges from 1.0% to 4.0%. Then, the response reduction effects of the peak acceleration and the root mean square acceleration (as shown in Figure 12) are calculated by the methods in Section 4.1 and Section 4.2.


Figure 12. The influence of the mass ratio: (a) Maximum acceleration; (b) r.m.s acceleration.
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From Figure 12a, it can be seen that with the increase of mass ratio, the decrease rate of the peak response of the structure increases monotonously, but the increase range is small, indicating that the increase of the mass ratio has a certain effect on reducing the peak response of the structure, but the effect is not prominent. In Figure 12b, the variation of the root mean square response reduction rate is the same as in Figure 12a in general. However, the rate of increase of the root mean square reduction rate is obviously faster when the mass ratio is changed from 2.0% to 3.5%. Moreover, the influence of the mass ratio on the root mean square response reduction is obviously greater than that on the peak response. The design of the device can be considered in terms of its impact on both of the root mean square response and the peak response. However, in practice, it is clear that the peak response of the structure is more meaningful considering the characteristics of the debris flow load.






5. Design Procedure


According to the mechanisms and parametric study of the lateral damping buffer, the design process of such a buffer in resisting the debris flows is proposed, as shown in Figure 13.


Figure 13. The design process of the lateral damping buffer in resisting debris flows.
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The buffer is mainly made of boards, springs, particles and boxes. The specific steps to determine the necessary parameters for engineering design are described below.



	(1)

	
The size of the boards should be determined based on the specific engineering information of the target area, especially the statistical characterizations of the vulnerable debris flows. The length of the boards should be equal to the length of target buildings facing debris flows, and the height should be determined by the impact height of debris flows. For example, the height of the board can be twice of the height of the impact height;




	(2)

	
The stiffness of the springs should be determined by numerical simulation and the actual circumstance, considering the debris flow load, spring deformation limit and disaster reduction effect synthetically. Generally, a relative “soft” spring is preferred according to the parametric study. However, its stiffness is also constrained by the workability under the impact load of debris flows;




	(3)

	
The mass of particles and boxes should be determined by the mass ratio, which is the mass of particles and boxes to the mass of the primary structure. For the determination of sizes, refer to the previous study on filling ratio in particle damping technology [36,37].







In addition, the failure criterion is related to the regulations in the code. For example, in the “Code for Seismic Design of Buildings” [38] in China, the maximum inter-story drift under major earthquake is regulated as 1/50, and this value can be used to be a kind of failure criterion.




6. Conclusions


In this paper, we propose and study a new type of device, named a lateral damping buffer, to reduce the vulnerability of building structures to debris flows. The lateral damping buffer can be regarded as a combination of a buffer and a shock absorber, which can reduce the maximum acceleration response and the subsequent vibration respectively. To examine the effectiveness of the lateral damping buffer, an impact test of the lateral damping buffer attached to a two-degree-of-freedom structure under the simulated debris flows load is completed. After the test, a corresponding numerical simulation is performed to validate its rationality. Then, a following parametric study is performed to optimize the lateral damping buffer. Finally, an engineering design procedure is put forward.



The impact test shows that the lateral damping buffer has good effectiveness in reducing both the maximum acceleration response and the subsequent vibration. Particularly for the tenth loading grade, the maximum acceleration response can be reduced by nearly half and the root mean square acceleration can be reduced by over 30%. In addition, the simulated values fit well with the experimental results. Moreover, the effectiveness of the lateral damping buffer increases with the increase in the loading grade. This characteristic is beneficial to the application in practical engineering.



The lateral damping buffer can also reduce the subsequent vibration of the primary structure by energy dissipation. However, considering the characteristics of the debris flows, the attachment of the cushion devices at the impact point is more effective.
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