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ABSTRACT

Ample experimental and analytical research has been performed in the framework of the innovative NATO Science for Peace Project “Seismic Upgrading of Bridges in South-East Europe by Innovative Technologies (SFP: 983828)” realized in the Institute of Earthquake Engineering and Engineering Seismology (IZIIS), Ss. Cyril and Methodius University in Skopje. The specific project part included development of an innovative USI-VF system, representing an advanced technology for seismic isolation and seismic protection of bridges. With the integration of the newly developed uniform VF-energy dissipation device, important advances of the USI-VF system have been achieved. This paper presents the refined 3D theoretical modeling of the specific, gap-based hysteretic response of the main components and the integral prototypes of the developed new uniform VF-energy dissipation devices, under simulated earthquake-like cyclic loads up to deep nonlinearity. Successful model validation has been made based on original results obtained from the completed experimental tests. The innovative concept of the new adaptive vertical fixed (VF), multi-gap (MG), multi-directional (MD) energy dissipation device, (VF-MG-MD device) possesses several original, important and advanced seismic response features. The new VF-MG-MD devices actually provide an added "adaptive" damping to the seismically isolated bridge, improving highly its damping capacity.
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1. INTRODUCTION 

Although the most important studies in the field of seismic isolation of bridges have been performed in renowned research centres in Japan, USA, Italy and New Zealand, the contributions from many other countries have recently been increased and have resulted in numerous new ideas and concepts. Detailed reviews of concepts and achievements made in this field are given in comprehensive publications by numerous authors, including Kelly (1986) and Kunde and Jangid RS (2003). Specific hysteretic behaviour characteristics of common rubber and lead-rubber seismic bearings are presented by Robinson (1982) and Turkington et al. (1989). The specific behaviour of sliding seismic bearings has been studied by Kartoum et al. (1992); Dolce et al. (2007) and Iemura et al. (2007). Simple pendulum seismic bearings have been described by Zayas et al. (1990) and Wang et al. (1998). Both types of seismic bearings have been studied and validated comprehensively and experimentally by Mokha et al. (1992) and Constantinou et al. (1992), and have been introduced into current practice. The concept of additional devices for seismic energy dissipation has been investigated by Skinner et al. (1975); Tsopelas et al. (1996); Dolce et al. (1996); Guan et al. (2010); Oh et al. (2012) and Ene et al. (2017). Recently, developments in this innovative earthquake engineering field have been intensified by complementary studies of various related phenomena, including the pounding effect, Jankowski et al. (1998), the axial behaviour of elastomeric isolators, Tubaldi et al. (2016), and semi-active dampers, Serino and Occhiuzzi (2003), as well as by studies devoted to qualitative upgrading of present technologies. Seismic design regulations related to seismically isolated bridges have gradually been upgraded, Mayes et al. (1992), and implemented in many countries in seismically active regions, Unjoh and Ohsumi (1998). Most of these authors provide recommendations about the need for further studies in this field, including the needs for new ideas about upgrading of existing bridge isolation systems. The observed intolerable impacts on bridge systems during recent strong earthquakes have led to strong arguments regarding development and practical implementation of seismic isolation systems in seismic protection of bridges, Ristic, D. (1988), Ristic, J. (2011), Ristic, D. and Ristic, J. (2012), Ristic, J. (2016). This paper shows important results from  the realized initial creative research part of the ongoing long-term study devoted to development of new, experimentally verified advanced USI-VF system that can provide qualitative seismic upgrading of isolated bridges with innovative VF-ED energy dissipation devices, Ristic et al. (2018). The analytical micro-modeling concept presented in this paper has been validated experimentally by the conducted nonlinear laboratory quasi-static tests of the created specific individual energy dissipation components. Actually, excellent background conditions have been created for nonlinear micro-modeling of the complete new vertical fixed energy dissipation (VF-ED) devices, assembled with optionally different component arrangements. The present developments have created conditions for realization of the final important study involving shaking table tests of the constructed large-scale bridge prototype model with the applied new USI-VF system.


2. CONCEPT OF THE NEW USI-VF BRIDGE SYSTEM

The present upgraded, seismically isolated (USI) system integrating the created new, vertical fixed (VF) energy dissipation (ED) devices represents a new technical concept that provides harmonized and improved modifications of the structural seismic response. The USI-VF system has been developed as an advanced alternative method of qualitative improvement of seismic protection of bridge structures by creation of an integrated adaptive system based on global optimization of the seismic energy balance. As to the earlier studies conducted by the authors, Ristic et al. 2018, the seismic performances of the new USI-VF bridge system will be comprehensively studied through seismic shaking table tests of the assembled original, large-scale USI-VF bridge prototype model. The proposed new USI-VF system with advanced seismic safety margins for the case of multi-directional seismic action has been created based on knowledge gained from previous experimental research. After the design, the costly fabrication, quasi-static testing anf modeling of the developed original components presented in this paper, assembling and testing of a large-scale USI-VF bridge model as a new technological option, is planned. The new USI-VF bridge model will be tested on a seismic shaking table under simulated real earthquakes. The model testing will be performed in the Dynamic Testing Laboratory of the Institute of Earthquake Engineering and Engineering Seismology (IZIIS), "Ss. Cyril and Methodius" University, Skopje, by use of an advanced modeling process, Candeias et al. (2004). Presented in this paper are the original results from the recently performed nonlinear micro-modeling of the created prototypes of individual vertical (V), vertical fixed (VF) and vertical deformed (VD) energy dissipation components that have simultaneously been implemented in assembling the new, uniform, vertical fixed (VF), multi-gap (MG), multi-directional (MD) energy dissipation devices.


3. PROTOTYPES OF THE NEW VF-MG-MD ENERGY DISSIPATION DEVICES

3.1 Innovative Concept of VF-MG-MD Devices

Seismic isolators of available types do not possess, by themselves, a sufficient level of damping or seismic energy dissipation capacity. The introduced innovative vertical fixed (VF), multi-gap (MG), multi-directional (MD), energy dissipation (VF-MG-MD) device has been created for advanced application as an additional compact device, representing the so called seismic energy dissipater or added damping device. However, to provide an efficient contribution to the improvement of the seismic response of the entire structure, the VF-MG-MD seismic energy dissipation device has been created with innovative and specific structural characteristics providing advanced behavior properties. Under strong seismic excitations, very large inertial (seismic) forces are inevitably generated from the total mass of the bridge superstructure. The new seismic energy dissipater provides simultaneously its harmonized stiffness properties, bearing capacity and ductility. The considered larger stiffness of the seismic energy dissipater may produce unfavorable effect, involving strong impact and impulsive transfer of inertial forces. Such effect is avoided by the adopted gap-based, initial stiffness of the seismic energy dissipater reduced to an acceptable level. The bearing capacity of the new seismic energy dissipater is adjusted to the real conditions in order to avoid transferring of very large forces to the bridge substructure members, which represents a highly favorable option. Finally, the third technical condition refers to the provided sufficient ductility of the seismic energy dissipater. Under large inertial forces, the induced relative displacements become very large, i.e., of the order of Dmax=20-40 cm. Therefore, the seismic energy dissipaters should possess the ability of sustaining large deformations without being damaged. A favorable option involves relatively small elastic deformations to provide greater absorption and dissipation of the seismic energy through nonlinear deformations and establishment of pronounced hysteretic curves. Within the frames of the present study, special attention has been paid to formulation of highly ductile, gap-based VF-MG-MD device with a large seismic energy dissipation capacity.
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Figure 1. Prototype of the VF-MG-MD energy dissipation device with 8V & 8VF components (view-1)
	
Figure 2. Prototype of the VF-MG-MD energy dissipation device with 8V & 8VF components (view-2)



The proposed new, vertical-fixed (VF-MG-MD) energy dissipation device is structurally and technologically  innovatively composed in a way that it successfully integrates several most important characteristics  contained in: (1) providing of a large capacity for seismic energy absorption; (2) possessing the property of being totally inactive in the case of the most frequent slight earthquakes; (3) enabling initial activation of reduced number of ED components of type V-MG-MD-Tij, or ED components of level-1, in the case of moderate earthquakes; (4) enabling activation of all components for seismic energy dissipation (V-MG-MD-Tij+VF-MG-MD-Dk), or activation of all energy dissipation components representing level-2 (full capacity of  energy dissipation) in the case of very strong earthquakes. The stated characteristics of the seismic energy dissipation device have been successfully achieved by adequate distribution of the vertical cantilever components for seismic energy dissipation that are fixed at their lower end, at the base, and free at the upper end. The structure of the seismic energy dissipater generally consists of: (1) a base metal plate for fixation of the vertical cantilever components; (2) adequately distributed vertical energy dissipation components (V-MG-MD-Tij+VF-MG-MD-Dk); and (3) upper metal plate with openings through which the energy dissipation components are activated in the above mentioned different phases. Characteristic phases include very frequent weak earthquakes, reduced number of moderately strong earthquakes and rare, but possible, very strong and destructive earthquakes. The prototype model of the proposed VF-MG-MD energy dissipation device, Figure 1 and 2, has been created, designed and constructed of several constituent parts forming a compact ED unit, including:
(1) Base plate: The base plate of the VF-MG-MD energy dissipation device is manufactured in the form of a base circular metal plate (d = 25 mm) with a diameter of D = 450 mm. On the base metal plate, in each of the two concentric circles, eight regularly spaced, equal openings with windings are made. The openings with windings are used to fix the vertical components by screwing. In the outer concentric circle with a diameter of d1 = 340 mm, eight openings with windings are made for the fixation of the external eight VF-type energy dissipation components. In the internal concentric circle with a diameter of d2 = 190 mm, other eight openings with windings are spaced for the fixation of the internal eight V-type energy dissipation components. The diameter of the opening with winding is considered standard and provides the possibility of making different combinations of installed types of vertical energy dissipation components.

	

	


	
Figure 3. Geometry of the model prototype of the ED component V-MG-MD-T11 tested with gap G1&G2
	
Figure 4. Geometry of the model prototype of the ED component VF-MG-MD-D18 tested with gap G1&G2



(2) Vertical energy dissipation components of type-V: The vertical energy dissipation components of type-V are made of a ductile metal in the form of a moderately steep cut cone. According to the diameter of the cone base (Db), there have been adopted a total of four options from which there have arisen four prototype types of energy dissipation devices, Table 1. For each type of energy dissipation device, there have been designed vertical elements in two alternative variants of cones, i.e., with different diameters of the top (Dt), whereat the diameter of the element at the base has been kept the same. 

Table 1. Prototypes of the tested V-MG-MD components under cyclic loads created for optional
assembling of the new VF-MG-MD energy dissipation devices

	Prototype type
	Prototype 
Notation
	Geometry form
	Geometry of gaps
	Activation direction
	Base-Db
(mm)
	Top-Dt
(mm)

	1
	V-MG-MD-T11
	T11
	G1 & G2
	MD
	32.0
	25.6

	
	V-MG-MD-T12
	T12
	G1 & G2
	MD
	32.0
	19.2

	2
	V-MG-MD-T21
	T21
	G1 & G2
	MD
	28.0
	22.4

	
	V-MG-MD-T22
	T22
	G1 & G2
	MD
	28.0
	16.0

	3
	V-MG-MD-T31
	T31
	G1 & G2
	MD
	24.0
	19.2

	
	V-MG-MD-T32
	T32
	G1 & G2
	MD
	24.0
	14.4

	4
	V-MG-MD-T41
	T41
	G1 & G2
	MD
	20.0
	16.0

	
	V-MG-MD-T42
	T42
	G1 & G2
	MD
	20.0
	12.0



In that way, four types of energy dissipation devices have been formed, each type with two variants of cones of vertical energy dissipation components. The different types of energy dissipation devices have accordingly been designated as follows: 1) Prototypes of the V-MG-MD energy dissipation device of Type – 1 existing in two component options: a) prototype model V-MG-MD-T11 with base and top diameters Db/Dt = 32.0/25.6 mm and b) prototype model V-MG-MD-T12 with base and top diameters Db/Dt = 32.0/19.2 mm; 2) Prototypes of the V-MG-MD energy dissipation device of Type – 2 existing in two component options: a) prototype model V-MG-MD-T21 with base and top diameters Db/Dt = 28.0/22.4 mm and b) prototype model V-MG-MD-T22 with base and top diameters Db/Dt = 28.0/16.0 mm; 3) Prototypes of the V-MG-MD energy dissipation device of Type – 3 existing in two component options: a) prototype model V-MG-MD-T31 with base and top diameters Db/Dt = 24.0/19.2 mm and b) prototype model V-MG-MD-T32 with base and top diameters Db/Dt = 24.0/14.4 mm; 4) Prototypes of the V-MG-MD energy dissipation device of Type – 4 existing in two component options: a) prototype model V-MG-MD-T41 with base and top diameters Db/Dt = 20.0/16.0 mm and b) prototype model V-MG-MD-T42 with base and top diameters Db/Dt = 20.0/12.0 mm. All vertical components have the same height of the cone body of h1 = 190 mm and end with an identical cylinder with a diameter d = 24.0 mm with a constant length of h2 = 60.0 mm. This enables recording of original experimental results with very well organized comparative parameters important for future design and practical application. With the described adapted geometry of the vertical components, there have been provided equivalent conditions for fixation to the base metal plate, while through the standard cylinder at the top of the vertical elements, there have been provided equivalent gap-G1 or gap-G2 conditions for the designed, gap-based excitation (repeated alternative contact and activation) of all components possibly activated in the first, the second or the third earthquake intensity phase.
(3) Vertical energy dissipation components of type-VF: The vertical energy dissipation components of type-VF have been made of the same ductile metal available on the market in the form of a bar or an ideal cylinder with defined diameter Dc, Figure 4. The vertical energy dissipation components of type-VF consist of two straight parts and one curved part between them. According to the diameter of the cylinder (Dc), there have been adopted a total of four options from which there have arisen four prototype types of energy dissipation devices, Table 2. Model prototype-1 or component VF-MG-MD-D22, model prototype-2 or component VF-MG-MD-D20, model prototype-3 or component VF-MG-MD-D18 and model prototype-4 or component VF-MG-MD-D16 are constructed with a diameter of Dc = 22 mm, Dc = 20 mm, Dc = 18 mm, Dc = 16 mm, respectively. 

Table 2 Prototypes of the tested VF-MG-MD components under cyclic loads created for optional 
assembling of the new VF-MG-MD energy dissipation devices

	Prototype model
	Prototype 
notation
	Geometry form
	Geometry of gaps
	Activation direction
	Body-Dc
(mm)

	1
	VF-MG-MD-D22
	D22
	-
	MD
	22.0

	2
	VF-MG-MD-D20
	D20
	-
	MD
	20.0

	3
	VF-MG-MD-D18
	D18
	-
	MD
	18.0

	4
	VF-MG-MD-D16
	D16
	-
	MD
	16.0



Analogously, all vertical VF components have the same height of the cone body of h1 = 190 mm and end with an identical cylinder with a diameter d = 24.0 mm with a constant length of h2 = 60.0  mm. In this case, the end cylinder is used for fixation of the component to the upper metal plate. So, in the case of a possible cyclic negative reaction, the VF component will act by an adaptable hysteretic response. Such behavior and the provided component resistance to tension forces will result in protection of the structure against possible overturning. The study of the cyclic behavior of this specific VF component is a specific task providing original results with well-organized comparative parameters important for its future design and practical application. Considering the characteristics of the described and adapted geometry of the vertical VF components, there have been provided equivalent end conditions for their fixation to the base and the upper metal plates of the new VF-MG-MD energy dissipation device.
(4) Vertical deformed energy dissipation components of type-VD: The vertical energy dissipation components of type-VD are made with the same geometry as that of the VF components and using the same ductile metal available on the market in the form of a bar or an ideal cylinder with defined diameter Dc, Figure 4. The vertical energy dissipation components of type-VD consist of two straight parts and one curved part between them. According to the diameter of the cylinder (Dc), there have been adopted a total of four options from which there have also arisen four prototype types of energy dissipation devices, Table 3. Model prototype-1 or component VD-MG-MD-D22, model prototype-2 or component VD-MG-MD-D20, model prototype-3 or component VD-MG-MD-D18 and model prototype-4 or component VD-MG-MD-D16 are constructed with a diameter of Dc = 22 mm, Dc = 20 mm, Dc = 18 mm, Dc = 16 mm, respectively. Also, all vertical VD components have the same height of the cone of h1 = 190 mm and end with an identical cylinder with a diameter d = 24.0 mm with length of h2 = 60.0 mm. Such design enables recording of original experimental results with very well organized comparative parameters important for future design and practical application. 

Table 3. Prototypes of the  tested VD-MG-MD components under vertical cyclic loads created for optional 
assembling of the new VF-MG-MD energy dissipation devices

	Prototype model
	Prototype 
notation
	Geometry form
	Geometry of gaps
	Activation direction
	Body-Dc
(mm)

	1
	VD-MG-MD-D22
	D22
	G1 & G2
	MD
	22.0

	2
	VF-MG-MD-D20
	D20
	G1 & G2
	MD
	20.0

	3
	VF-MG-MD-D18
	D18
	G1 & G2
	MD
	18.0

	4
	VF-MG-MD-D16
	D16
	G1 & G2
	MD
	16.0



With the described adapted geometry of the vertical VD components, there have been provided equivalent conditions for their fixation to the base metal plate, while through the standard cylinder at the top of the vertical elements, there have been provided equivalent gap-G1 or gap-G2 conditions for the designed gap-based excitation (repeated alternative contact and activation) of all the components which are possibly activated in the first, the second or the third earthquake intensity phase. The hysteretic gap-based response of the VD-MG-MD components actually represents a direct contribution to the gap-based hysteretic response of the standard vertical components of type-V.
(5) Upper metal plate with holes: On the upper side of the seismic energy dissipation device, Figure 1, a metal plate with thickness d = 20.0 mm is also constructed with equivalent concentric circles over which openings of two different diameters are distributed. The inner concentric circle has 8 openings with a diameter of d1 = 34.0 mm in which the standard top cylinders of all vertical components, designed with a diameter of do = 24.0 mm, are centrically accommodated. With such geometry of openings, a gap of G1 = 5.0 mm is provided in all directions. The external concentric circle has 8 openings with a diameter of d1 = 60.0 mm on which the uniform cylinders on the top of the vertical components with a diameter of do = 24.0 mm are centrically accommodated. With this, a gap of G2 = 18.0 mm is provided in all directions. With such original structure of the seismic energy dissipater, activation of only the components of the inner circle is enabled in the first phase after initiated relative displacement larger than 5 mm (dr ≥ 5.0 mm), i.e., after exceeding of the designed width of the concentric gap in all directions. In the second phase, if the relative displacement exceeds 18.0 mm, activation of all energy dissipation components located on the external concentric circle takes place. The upper metal plate is parallel with the lower one and is fixed to the upper structure or, in this study, to the superstructure of the large-scale bridge model. Taking advantage of the created very favorable conditions for composing different types of VF-MG-MD energy dissipation devices, the present research included realization of extensive experimental test programme including completion of experimental tests on all the anticipated prototype models of V, VF and VD energy dissipation components.

3.2 Design and Production of Model Prototypes

(1) Selection of suitable properties of the implemented material: For the manufacturing of the experimental prototype models of the V-MG-MD, VF-MG-MD and VD-MG-MD energy dissipation components, there has been selected a corresponding metal S-1530 with pronounced ductility and ability not to experience failure under a large number of iterated cyclic loads with pronounced or large amplitudes of displacement. These properties of the selected material have fully been proved by the realized extensive experimental tests.
(2) First production of the model prototypes: For mechanical manufacturing of all prototype models of the V-MG-MD, VF-MG-MD and VD-MG-MD energy dissipation components, metal elements with hexagonal cross-section have been used. Such selection created conditions for elaboration of a hexagonal segment necessary for fixation of the element to the base by screwing. In addition, the selected profile has been used as suitable for manufacturing of all remaining segments of the corresponding V-type prototype models in accordance with their designed geometrical properties. As stated above, the highest segment with a length of

 lt = 60 mm is constructed with the same geometry in all prototype models.


4. NONLINEAR 3D MICRO-MODELING OF THE NEW COMPONENTS AND DEVICES

The numerical simulation of the cyclic nonlinear behavior of the created prototypes of V-type, VF-type and VD-type of energy dissipation components and prototypes of full VF-MG-MD energy dissipation devices represented a very complex modeling task as a consequence of the complex 3D geometrical shape, the introduced innovative gap-based response and the specific boundary and/or installation conditions. To achieve realistic analytical simulation of the nonlinear hysteretic response of the devices and the components and analysis of their nonlinear cyclic response, application of an advanced theoretical background was essential. For example, the conducted analysis of the hysteretic response of the complete VF-MG-MD-T11 device represented a solution of a complex nonlinear problem considering the specific procedure of a multiple loading case. The prescribed loading was numerically simulated by 30000 loading steps and, for each step, a number of equilibrium iterations were used to achieve the prescribed solution accuracy. The conducted study has been highly useful in providing an important general tool for solving specific problems, including: (1) validation of the capability of the implemented refined 3D nonlinear modeling concept in solving specific research and design tasks and (2) experimental validation of the proposed model for simulation of the complex hysteretic response of VF-ED devices and components under general cyclic loading up to deep nonlinearity. The integral research activities in this domain have been successfully realized in three consequent phases: (1) Formulation of a nonlinear refined 3D analytical model; (2) Analysis of the nonlinear hysteretic response of the modeled unit under simulated cyclic deformations, and (3) Comparative presentation of the original theoretical and experimental results.
а) Formulation of the refined nonlinear analytical models of prototype devices and components: Figures 5, 6, 9, 10 and 15 show examples of the formulated refined, three-dimensional, nonlinear finite element model (R3DNL-FE model) of the specific units and the complete device of the type VF-MG-MD-T11 used for its nonlinear analysis with the ABAQUS computer program. For the bottom support plate, ideally fixed boundary conditions have been simulated. For the upper plate, there has been prescribed a permanent horizontal position during simulated cyclic deformation in x-direction, representing a real input for the numerical simulation of the nonlinear cyclic behavior of the modeled device. 
b) Analysis of nonlinear hysteretic response of prototype devices and components: To perform this type of a specific, quasi-static, time dependent analysis, the available option of incremental nonlinear static analysis providing simulation of incremental deformation in the specified direction has been implemented. For that purpose, the known predefined history of cyclic displacements, similar to that used during the realization of the corresponding experimental test, has been numerically specified and analytically applied. An appropriate history of deformation increments in the incremental analysis with adopted iterative nonlinear solution procedure, considering an additional step-based iteration process for the achievement of the specified accuracy, has been analytically considered based on known predefined history of cyclic deformations. All results from nonlinear analysis have been obtained in a refined numerical form for all relevant physical quantities (stresses, strains, forces, deformations and alike) thanks to the applied detailed micro-model.

4.1 Micro-Modeling of the Tested V-ED and VF-ED Components

The initial nonlinear numerical analysis has been carried out using the formulated micro-model of the created and tested prototype of the V-MG-MD-T11 single component installed in the inner circle, providing simulation of gap-G1. Cyclic displacement of up to ±45mm in X direction has been simulated through the upper plate, with a step of 5mm increase in each cycle. The mathematical model represented a cantilever (vertical component) fixed to a lower plate and top displacement was applied through the upper plate. Modeling and analysis of the hysteretic response and energy dissipation of the V-MG-MD-T11 component has been done by use of the ABAQUS CAE software, setting the real material characteristics, the element geometry, the contour conditions, the contact conditions, the imposed displacement conditions and other information and providing refined discretization of the component into finite elements, i.e., with a relatively fine mesh to obtain as exact results as possible. The calculations have been performed successfully, without shown any error during the steps-by-step analysis process. In the process of nonlinear micro-model

 formulation of the V-ED and VF-ED components, Figure 5 and Figure 6, respectively, the following 
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Figure 5. Formulated micro-model of the created and tested prototype of the V-MG-MD-T11 component.
	
Figure 6. Formulated micro-model of the created and tested prototype of the VF-MG-MD-D18 component.



mechanical properties of the structural steel material have been used: (1) density W = 7850 kg/m3; (2) Young's modulus of elasticity E = 2 x 105N/mm2; (3) Poisson's coefficient n=0,3; (4) yielding point of material fy = 420 [N/mm2]; (5) failure limit of material fu = 670 [N/mm2]; (6) tangent modulus of plasticity G = 6000 MPa, and considering (7) the applied nonlinearity option and (7) the plastic hardening of the bilinear kinematic type. The same material characteristics hold also for the bottom and the upper plate, but for these, the failure limit strength has been set at fu = 480 [N/mm2]. The mesh has been generated by discretization of the constituent model components into small size finite elements of the following dimensions: (1) for the V-MG-MD-T11, FE sized 3 mm and was distributed in a radial shape; (2) for the upper plate, FE of a size of 10 mm has been used with a finer mesh at the contact with the VF-component; (3) for the bottom plate, FE sized 13 mm has been used. For the upper and the bottom plate, the applied finite element mesh has not been finer since these elements behave in the elastic range during loading. However, in order to get more accurate results, a fine mesh has been applied in the zone of contact of the component with the opened hole in the upper plate. The number of nodes and various types of finite elements of the model mesh has been quite big, resulting in solution of a large system of nonlinear equations involving a total of 83073 unknown variables. 
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Figure 7. Hysteretic response of the V-MG-MD-T11 component under cyclic loads simulating gap-G1.
	
Figure 8. Hysteretic response of the VF-MG-MD-D18 component under cyclic loads simulating gap-G2.



The analytically predicted force at the ultimate point with the value of FUp = 15.1 kN, has actually been in a very good correlation with the experimentally defined respective force FUe = 15.0 kN. The difference has been very small, or being only about 1.0 %. Figure 6 shows the micro-model of the tested prototype of the VF-MG-MD-D18 component, formulated by application of a similar concept and modeling procedure, simulating a larger gap-G2. The number of nodes and various types of finite elements of the model mesh has also been large, resulting in a system of nonlinear equations involving, in this case, a total of 43017 unknown variables. Similarly, the analytically predicted force at the ultimate point with the value of FUp = 2.11 kN, has actually been in a very good correlation with the experimentally defined respective force FUe = 2.10 kN. The difference has also been very small, being less than 1.0 %. From the performed analysis, numerical and graphical results, the following main conclusions can be summarized: (1) With the obtained results of high accuracy confirmed are full advances of the applied micro-modeling concept; (2) The results have shown a very stable hysteretic response of the V-ED and VF-ED components; (3) The vertical components respond in the elastic-plastic range, without reaching the failure limit of fu=670 N/mm2 during all displacement steps from 0 to total displacement of ±45mm; (4) From the hysteresis curves, it is evident that the components show a large energy dissipation capacity during cyclic response; (5) From the obtained hysteresis curves, it is also evident that the implemented micro-modeling concept possesses an excellent capability for simulation of gap-based response of different components under cyclic loads.

4.2 Micro-Modeling of the Full VF-MG-MD Device

Similarly, hysteretic responses of the full VF-MG-MD device, Figure 9, and the partial device, Figure 10, have been numerically analyzed by use of analogously formulated micro-models of the assembled prototypes. A fine mesh in the zone of contact of the components with the opened holes in the upper plate, has been applied. 

	[image: ]
	[image: ]

	
Figure 9. Formulated micro-model of the assembled full VF-MG-MD device prototype-1.
	Figure 10. Formulated micro-model of the partial set-up of the VF-MG-MD device integrating two components.
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Figure 11. Stress distribution during cyclic response of the full VF-MG-MD device prototype.
	
Figure 12. Stress distribution during cyclic response of the VF-MG-MD device with 8 VF components.



In the case of modeling of the full VF-MG-MD device, the number of nodes of finite elements mesh has been quite large, resulting in solution of large system of nonlinear equations involving in total 113871 unknown variables. Figure 11 shows the stress distribution recorded during the cyclic response of the full VF-MG-MD device prototype, while Figure 13 displays the computed, gap-based hysteretic response under cyclic loads of the full VF-MG-MD device prototype. The analytically predicted force at the ultimate point FUp = 136.2 kN has been in a very good correlation with the experimentally defined respective force. As a characteristic example, the hysteretic response of the assembled VF-MG-MD device with 8 VF components has also been computed. The typical stress distribution recorded during the cyclic response of the partial VF-MG-MD device with 8 VF components is shown in Figure 12. The computed gap-G2-based hysteretic response of the 8VF-MG-MD device (outer components only) under cyclic loads is shown in Figure 14. The analytically predicted force at the ultimate point with the value of FUp = 17.0 kN has actually been in a very good correlation with the experimentally defined respective force FUe = 8 x 2.10 = 16.8 kN. The difference has been quite small, being only about 1.2 %. 
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Figure 13. Computed, gap-based hysteretic response of the full VF-MG-MD device prototype under cyclic loads.
	
Figure 14. Computed, gap-G2-based hysteretic response of the 8VF-MG-MD device (part-2) under cyclic loads.



4.3 Micro-Modeling of the Full VF-MG-MD Device under Cyclic Vertical Load

Finally, from the realized 8 experimental tests, original experimental results have also been obtained in a digital form. In the course of the experiments, in addition to data acquisition through certain control channels, there have also been recorded successfully the measured values of the vertical cyclic deformation at the top D(mm) as well as the corresponding values of the applied vertical cyclic force F(kN). 
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Figure 15. Micro-model of the 8VF-MG-MD-D18 energy dissipation device (8 installed components).
	
Figure 16. Hysteretic response of the 8VF-MG-MD-D18 device under simulated vertical cyclic loads.



In this specific case, using the formulated micro-model of the 8VF-MG-MD-D18 energy dissipation device (composed of 8 installed components), Figure 15, its hysteretic response under simulated vertical cyclic loads has been analyzed. Highly favorable and unique asymmetric hysteretic curves have been obtained, Figure 16. The obtained analysis results represent highly valuable background evidence and a full verification of the developed and implemented nonlinear micro-analytical simulation model. However, refined modeling and analysis of 8VF-MG-MD-D18 device under vertical cyclic loads also resulted in numerical solution of very large system of nonlinear equations.


5. CONCLUSIONS

Based on the results obtained from the conducted extensive analytical study, the following main observations can be summarized: (1) With the conducted specific experimental cyclic tests of the created prototypes of V-type, VF-type and VD-type of energy dissipation components and prototypes of the full VF-MG-MD energy dissipation devices, a valuable experimental evidence has been obtained for validation of the formulated analytical models, simulating the originally introduced gap-based hysteretic response; (2) With the conducted detailed analytical modeling study, it has been confirmed that the refined or micro nonlinear 3D analytical model represents the most powerful, generally applicable and advanced modeling option for simulation of the general, gap-based hysteretic response of new devices with very high accuracy; (3) The implemented micro-modeling approach also represents the most advanced modeling concept capable of realistic simulation of the complex multi-gap and multi-directional nonlinear hysteretic response of the originally introduced VF-MG-ED devices; (4) The presently implemented modeling approach represents an advanced modeling option, providing advanced conditions for its further upgrading toward coping with the analytical simulation of the new complex aspect connected with the specific assembling, construction and structural details; (5) Finally, the application of the experimentally verified concept for refined nonlinear analysis of geometrically complex components and devices up to deep nonlinearity opens a new opportunity for introducing the advanced USI-VF systems in qualitatively improved seismic protection of bridge structures based on optimal modification of the system seismic response.
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