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ABSTRACT

This paper describes a series of quasi-static hybrid tests conducted on a steel panel damper (SPD) specimen. The prototype building is a three-dimensional six-story moment resisting frame with four SPDs incorporated in each story as the main seismic resisting system. It was subjected to bi-directional earthquake excitation, during which each SPD element exhibited seismic responses of 12 degrees of freedom (DOF). Therefore the hybrid tests were conducted by using a multi-axial testing system (MATS) which can simultaneously apply deformation of multiple DOFs on the specimen. The finite element analysis program “Platform of Inelastic Structural Analysis for 3D Systems” was chosen as the analysis engine. It was augmented to support geographically distributed hybrid simulation in a general-purpose manner. An external displacement control (EDC) method was proposed to increase the MATS control accuracy. An online model updating (OMU) technique was developed and employed such that the actual material properties identified from the SPD specimen during the tests could be immediately used to update those of the other SPD numerical elements. Test results validated the proposed underlying testing software, and confirmed the effectiveness of EDC method and the OMU technique as well.
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1. INTRODUCTION

The hybrid simulation (HS) testing method, or the formerly well known as the pseudo-dynamic testing, since around 1970, has been continuously developed and employed as an effective tool to investigate the response history of a specific structure subjected to a specific dynamic loading. In this testing method, the inertia and damping effects are simulated numerically, while for the hysteretic effects both the numerical and experimental simulations are performed on numerical substructures (NSs) and physical substructures (PSs), respectively. The theory of HS can be found in Takanashi et al. (1975). Since only the hysteretic properties of PSs are experimentally simulated in tests, a quasi-static HS can be employed in large- or full-scale structure models. However, HS has its own challenges. One of the most frequently encountered challenges is that the number of specimens that can be physically tested in laboratories is limited by the availability of testing equipment. This difficulty can be addressed to a certain extent by using the geographically distributed structural testing technique (Schellenberg et al. 2008; Ojaghi et al. 2013; Wang and Nakashima 2013; Wang and Tsai, 2015). However, this method does not apply efficiently to all situations in HS. One of the most obvious example is that, in the structural model it is very frequently to have more than one similar or even identical PSs that required to be experimentally simulated in HS. Testing them in different geographically distributed laboratories obviously is not the most cost-effective to conduct the HS since the responses of these similar or even identical PSs would be very similar or even identical. In such situation, the development of the online model updating (OMU) technique has gained increasing attention in recent years (Yang et al. 2012; Kwon and Kammula 2013; Hashemi et al. 2014; Wu and Wang 2014; Elanwar and Elnashai 2015a; Elanwar and Elnashai 2015b; Wu et al. 2016; Chuang et al. 2018). One effective approach for OMU (Chuang et al. 2018) is adopted in a series of hybrid tests presented in this paper. When the OMU technique is applied, only one specimen is represented by a PS and tested in a laboratory, while the other relevant elements are represented by NSs and numerically simulated, but the material parameters would be identified from the experimental responses of the related PSs during the test.
In this study, a structural analysis program “Platform of Inelastic Structural Analysis for 3D Systems” (PISA3D) (Lin et al. 2009) developed at the Taiwan National Center for Research on Earthquake Engineering (NCREE) was chosen as the analysis kernel for the series of HS. The specimen was tested using a multi-axial testing system (MATS), which is a structural testing system capable of imposing real boundary conditions upon large- or full-scale structural components or sub-assemblages. 
The specimen adopted is a steel panel damper (SPD). Details of the SPD specimen and the complete structural model (SPD-MRF) incorporating the SPDs as the seismic resisting system is described in the next section. To experimentally investigate the performance of the SPDs and the moment-resisting frame (MRF) incorporating the SPDs during seismic events, a series of hybrid tests with a full-scale SPD specimen was conducted using the MATS, with the PISA3D as the analysis kernel and using the OMU technique to continuously enhance the fidelity of the structural model during the tests.


2. EXPERIMENTAL PROGRAS

2.1 Numerical and Physical Substructures

Incorporating seismic isolation or energy absorbing devices into structures can significantly reduce damage to the structures and contents during severe earthquakes. This study investigates the characteristics and effects of SPDs incorporated into a six-story MRF. It essentially utilizes the shear yielding mechanism of a steel wide-flange section to dissipate the earthquake-induced input energy (Tsai et al. 2018). Figure 1 shows the appearance and the schematic of an SPD. It includes three wide-flange sections: the top and bottom elastic joints (EJs), and the middle inelastic core (IC). Under severe earthquakes, the two EJs are designed to remain elastic while the IC is supposed to dissipate most of the earthquake-induced energy by exhibiting large inelastic shear deformation.
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Figure 1. The appearance and schematic of the SPD specimen tested in this study

Figure 2 shows a typical floor framing plan of the complete structural model. Four SPDs are installed at each story of the MRF. Details of the SPD sizes are given in Table 1. The materials used to construct the IC is SN400B steel. SN490B steel is adopted for the SPD flanges, and EJ webs. SN400B is also used for all beams and columns in the lateral force resisting system. The details of the design procedures and the member sizes of the prototype building have been documented (Tsai et al. 2018). The cross-sections of the wide flanges of IC and EJs are H900×250×6×22 mm and H900×250×18×22 mm, respectively. The heights of the IC and the overall SPD are 900 and 2600 mm, respectively.
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Figure 2. The elevation, plan view, and the 3D overviews of the complete SPD-MRF PISA3D model

Table 1. Details of the SPD sizes used in the SPD-MRF PISA3D model.

	Story/
Specimen tag
	Category
	IC section
	IC length
(mm)
	EJ section
	EJ length
(mm)
	Total length (mm)

	6
	NS
	H600250416
	1200
	H6002501216
	700
	2600

	5
	NS
	H600250830
	1800
	H6002502230
	400
	2600

	4
	NS
	H600250830
	1800
	H6002502230
	400
	2600

	3
	PS
	H900250622
	900
	H9002501822
	850
	2600

	1
	NS
	H900250730
	1200
	H9002502630
	1100
	3400

	2
	NS
	H900250730
	1200
	H9002502630
	700
	2600

	SPD-2L1T
	Specimen of component test
	H600250830
	1200
	H6002502230
	700
	2600



A PISA3D model is constructed for the SPD-MRF using the built-in beam-column and joint elements (Lin et al. 2009). Each SPD is modeled using three beam-column elements for the 2 EJs and the IC, respectively. The two-surface plasticity material model (Tsai et al. 2014), combining the isotropic and kinematic hardening effects, is adopted for the element used for the IC segment, while the bi-linear kinematic hardening material model is assumed the other two EJ segments. The building and member sizes are symmetric about both the longitudinal and transverse axes, indicating that the structural torsional response about the vertical axis should not exist when subjected to the bi-directional earthquake excitations. The second-order effect on the gravity columns is simulated by using a leaning column composed of six pin-connected rigid beam-column elements. The six floor slabs are modeled as rigid diaphragms. The fundamental periods are 1.30 and 1.26 seconds in the longitudinal and transverse directions, respectively. The total number of DOFs of the three-dimensional PISA3D model for the six-story SPD-MRF is 1334.

2.2 Measurement Instrumentation and Testing Facilities

Figure 3 shows the overall instrumentation setup. Six high-quality (0.05 mm resolution, 1024 Hz sampling rate) digital position sensors (denoted as “TPs” in Figure 3), were used to measure and then calculate the actually achieved SPD displacement uzm and uxm relative displacements between the MATS reaction frame. In addition, at the top MP two TPs were installed in parallel vertically such that the rotation about the strong axis zm at the top end of the specimen can also be calculated by using the readings of the two vertically installed TPs. The three measured displacement are used as the active feedbacks in MATS real-time controller.
TP measurement was obtained in a real-time manner and was used in the EDC method (to be detailed later) such that the target deformation about the SPD’s strong axis (in-plane translation and in-plane rotation) can be accurately imposed.
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Figure 3. The overall instrumentation setup

Figure 4 shows the actual software architecture and testing facilities used in this series of hybrid tests. The software architecture is constructed based on the C++ software framework “Software Framework for Quasi-static Structural Testing” and the application protocol “Remote Experimental Control and Data Exchange”, both developed in NCREE since 2011 (Wang and Tsai, 2011 and 2015). PISA3D takes the responsibility of performing the structural response history analysis. The “469D” controls the MATS motion. An addition actuator controller “FT40” is employed to run an external displacement control (ECD) method, which will be described later, to improve the control accuracy. “THS1100” is a data acquisition system that measures all the other specimen responses. The program “FlexControl” connects the mentioned computer programs via Internet and serves as the coordinator program for the HS. All the computer programs, except the OMU module described later, used in this test campaign require no hardcoding to support definitions of all the highly complex test parameters and the roles / relationships between the utilized computer programs. More information about the flexibility and features the underlying software can support has been documented (Wang et al. 2018).
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Figure 4. The computer programs, and the connectivity between them, used in this HS


2.3 Experimental Setup and Control

In the PISA3D model, each node has three translational and three rotational DOFs. Therefore, for a two-node element such as the experimental element for the SPD specimen in this study, at each step of the time integration procedure, a total of 12 components of the nodal displacement will be specified. Assuming the MATS reacting frame does not move during the test, the desired SPD deformation has to be calculated first before it can be used as the displacement command for the MATS control. Equations 1, 2, 3, and 4 denote the calculation of the target deformation. The related terms are defined in Figure 5(b), which schematically shows the procedures of calculating the values of the sex-DOF SPD deformation. For the 

	(1)

	(2)

	(3)

	(4)
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Figure 5. The procedure of calculating the displacement command for MATS motion control

The command for the vertical translational deformation was set to constant zero since the MATS control accuracy in the vertical DOF was found not practical compared with the extremely small magnitude of the target deformation. In addition, since the structural model is symmetric with respect to the two horizontal principal axes, it does not rotate with respect to the vertical axis of the structural model during the dynamic time history analysis. Therefore, the command for this rotational DOF was also set to zero. The command values for these two DOFs are shown in Equation (5) and (6).

	(5)

	(6)

However, results of previously conducted cyclic tests for other SPD specimens that have similar strength of the SPD specimen used in this study indicated that the top part of the MATS reacting frame (denoted as the MATS crossbeam in Figure 5(c)) actually had unneglectable deformation during tests. This unfortunately means that the displacement of the MATS platen cannot be considered as the specimen deformation. Therefore, the actual deformation of the MATS reacting frame was continuously measured and compensated in the calculation of the MATS displacement command. The deformation of the MATS crossbeam was measured by TPs which are conditioned by the additional actuator controller FT40. In FT40 virtual signals were created to calculate the compensated displacement command for the MATS platen motion control. Since this is for conducting quasi-static tests, it was determined that the traditional proportional and integral controllers are good enough for the purpose. The displacement command values were than obtained by adding the following term into Equations 1 to 4.

	(7)

where Kp and Ki are the proportional and integral gain coefficients, respectively, used in the controller. The e(t) is the error signal obtained from subtracting the achieved displacement from the target displacement.

Once the desired deformation is applied on the specimen, MATS measures the six-DOF resisting force at the center of its platen. This resisting force has to be transformed back into a restoring force vector of 12 components (corresponding to the PISA3D element DOF) before it can be sent back to PISA3D. The principle of static equilibrium was applied to find the 12 force components. Referring to Figure 6 which shows the calculation of the SPD restoring force, Equations 8-11 calculates the element resisting force for the strong axis.
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Figure 6. The calculation of the SPD restoring force (strong axis)

	(8)

	(9)

	(10)

	(11)

The resisting forces corresponding to the vertical translational and rotational are set to zero for the entire course of the HS.

2.4 Response History Analysis Procedures

The design peak ground acceleration (PGA) for the design basis earthquake (DBE) is 0.33 g. Three hazard levels: the service level earthquake (SLE), DBE, and the maximum considered earthquake (MCE), were considered in this series of tests. The ground motion records were selected from those suggested by Baker (Baker 2010) for Oakland City in California. Ground motions (record number 20, 21, and 2) in the category of 50%, 10%, and 2% of exceeding probability in 50 years hazard level were selected as the SLE, DBE, and MCE, respectively. Details on the selection and scaling of the ground acceleration records have been documented (Tsai et al. 2018). One HS using SLE as the seismic input was carried out to verify the correctness of all the software and hardware settings. Another HS using the ground accelerations (DBE + MCE) shown in Figure 7 as seismic excitation was then performed to investigate the performance of the proposed OMU technique. The positive x- and z-direction denote the longitudinal and the transverse direction, respectively. The integration algorithm chosen was Newmark average acceleration method. The size of the integration time step is set to be 0.01 second. Rayleigh damping ratios were assumed to be 2% for the first and second modes.


[image: ]

Figure 7. The ground acceleration (DBE + MCE) time history used for this series of HS


3. ADVANCED HYBRID SIMULAION WITH ONLIEN MODEL UPDATING

The online model updating (OMU) scheme consists of two phases of operation: the material parameter identification (PI) and the parameter updating (Chuang et al. 2018). To implement these operations, two software components, the OMU module and the auxiliary numerical model (ANM), were developed and added into PISA3D. ANM is a numerical model additionally built to simulate the specimen tested in the laboratory. The OMU module adjusts the material parameter values (MPVs) of an ANM such that the numerically simulated resisting force of ANM best matches that measured from the test. Figure 8 illustrates the procedures to incorporating OMU in HS. At each integration time step, once MATS completes imposing the target deformation onto the SPD specimen, the related experimental data (including the measured achieved specimen deformation and the specimen restoring force rexp) would be sent to the OMU module. With the experimental data points the OMU module then carries out online PI procedure by utilizing the ANM. By applying the PISA3D displacement control analysis procedure on the ANM, the ANM will experience the same deformation history experienced by the PS. After that, the corresponding ANM’s resisting force (raux) is calculated based on the current material parameters. The simulation accuracy can then be evaluated by comparing rexp and raux. If the difference is large, a gradient-based optimization method (GBM), proposed previously in Chunag et al. 2018, is carried out to find a new set of MPVs. It may require several iterations to find the most appropriate MPVs, before the second phase of operation (model updating) starts. In this second phase of operation, the newly identified parameter values are updated for the other relevant numerical element models.
In this study, according to the results of a pure numerical simulation conducted prior to the tests, the difference between in-plane rotation of the top and bottom ends of the SPD specimen (xj and xi) is very small throughout the entire analysis. The deformed shape of the SPD specimen can be reasonably assumed as one of symmetrically-reversed curvature. Thus, only one DOF, the in-plane shear deformation, is considered in the OMU technique in this study. As shown in Figure 8, The ANM for this study is composed of three beam-column (BC03) elements. BC03 elements can simulate both the shear and flexural yielding of a structural member through the formation of the shear and flexural plastic hinges that are devised at the two ends (Lin et al. 2009). The two-surface plasticity material model, which models both the isotropic and kinematic hardening effects (Tsai et al. 2014), was adopted for the IC, while the bi-linear kinematic hardening material model was assumed in the two EJs. The hardening effects of the two-surface plasticity material model are governed by a total of seven parameters including Hiso1+, Hiso2+, Hiso1-, Hiso2-, Hkin1, Hkin2 and BS/YS. The control parameters of Hiso1+, Hiso2+, Hiso1- and Hiso2- are related to positive (e.g., in tension) or negative (e.g., in compression) isotropic hardening effect. Thus, the two-surface plasticity material model can offer the feature of allowing different isotropic hardening phenomena for tension and compression. Hkin1 and Hkin2 are the parameters used to control the kinematic hardening effect. BS/YS is the proportion of the bounding surface to the yield surface. In general, BS/YS is often set to 1.0 while the loading history begins with the stress state prior to the first yield. Therefore, in this study BS/YS is not considered in the PI operation. In addition, by taking advantage of symmetry of the SPD cross section, Hiso1+ can be reasonably assumed to be identical to Hiso1-, and Hiso2+ can be assumed to be identical to Hiso2- in the isotropic hardening stress state. Hence, only four parameters (Hiso1+, Hiso2+, Hkin1 and Hkin2) are considered in the PI operation.
In this study, the parameter values identified from experimental measurement would be immediately used to update the two-surface material models of the ICs of the SPDs installed on the 1st and 2nd stories. Since it has been suggested that reasonably good parameter values can be identified by carrying out the PI operation only every three or five integration time steps (Chuang et al. 2018), it was determined in this series of HS that the PI operations would be carried out every three integration steps. PI operations were carried out for the entire course of tests, but the associated operation of model updating was determined to be terminated at around the 1250th step (analysis time 12.5 second), at which time the peak ground acceleration (PGA) has occurred. At that moment, the material hardening parameter values were expected to have already been properly identified since the SPD specimen should have had already experienced the largest deformation in the test.
In addition to immediately identify the most appropriate MPVs for the specimen during the test, the OMU technique can also help improve the test quality by providing the tangent stiffness matrix of the specimen at any integration time step. In any integration time step, once the PI operation is done and the most appropriate set of MPVs, the stiffness matrix of the ANM can be assembled and serves as the tangent stiffness matrix for the specimen. For example, in this study a 1212 tangent stiffness matrix was obtained by joining and static condensing the three 1212 tangent stiffness matrices of the three BC03 elements in the ANM. This feature enables the HS to be performed by certain integration algorithm (such as the Newmark acceleration method) that requires the tangent stiffness matrix of all elements at each integration time step. Without such support provided from the proposed OMU technique, it is impossible to obtain the complete tangent stiffness matrix for the specimen based solely on a single record of the measured displacement and resisting force of the specimen in any execution step in the test.
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Figure 8. The procedure of employing OMU in HS


4. EXPERIMENTAL RESULTS

4.1 Results of the Hybrid Simulation and External Displacement Control

Figure 9 compares the time histories of the 3rd story drift ratio obtained from the HS and from a pure numerical simulation. It is evident that they agree reasonably well with each other. This proves the validity of the proposed software framework for conducting HS. The difference between the numerical and experimental responses can be attributed to the different hysteresis possessed by the SPD elements at the lower three stories. In HS the resisting forces of the four SPDs on the 3rd story were directly measured from the specimen, while the hysteresis of the SPDs on the 1st and 2nd stories were continuously updated based on the experimentally obtained behavior of the SPD specimen during the test. However, for the pure numerical simulation, the hysteresis of these 12 SPD elements was defined using MPVs calibrated from the test results of a previously conducted cyclic test on another SPD specimen with similar size to that of the specimen used in this study.


[image: ]

Figure 9. Comparison between the results of HS and pure numerical simulation (3F drift ratio)

Figure 10 and Figure 11 reveals the effects of the EDC method utilized in this study, for the in-plane translational and rotational DOFs, respectively. It is evident that with the EDC method applied in tests, the target and achieved SPD deformation were very close to each other. The error signal reading remains very close throughout the test. On the other hand, as also shown in these two figures, the readings of the related MATS internal displacement sensors (denoted as “MATS Long D” and “MATS Pitch D”, respectively) deviate from the target quantities significantly. This validates the usefulness of the proposed EDC method in testing situations in which high control accuracy is required.
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Figure 10. EDC effects (in-plane translational DOF)
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Figure 12. EDC effects (in-plane rotational DOF)

1.2 Effects of the On-line Model Updating Technique

Table 2 lists three sets of MPVs. The “initial guess” denotes the parameter value set that is obtained from off-line model calibration on a previously conducted cyclic test result on a similar SPD specimen. The “parameter values identified up to 1250th / 5500th step” denotes the last set of parameter values of a campaign of continuous PI operations (from the 1st to the 1250th / 5500th integration time step).

Table 2. The identified MPVs for simulations.

	Parameter values
	Hiso1+
	Hiso2+
	Hkin1
	Hkin2

	Initial guess
	0.00426
	2.916
	1.076
	12.232

	Parameter values identified up to 1250th step
	0.00218
	3.154
	1.365
	10.032

	Parameter values identified up to 5500th step
	0.00201
	3.567
	1.011
	10.058




Figure 13 shows the effects of the proposed PI operations by comparing the experimentally obtained SPD hysteresis and the numerically simulated hysteresis using different MPVs. The numerically simulated resisting force is obtained by imposing the entire experimentally obtained displacement time history upon the ANM by the PISA3D displacement control analysis procedure, with the ANM configured with different parameter values for its material model. The simulated resisting force in Figure 13(a) is obtained by using the newly identified parameter values every three integration steps from the test results. Figure 13(b) shows the simulated hysteresis obtained by using the parameter values calibrated from previous cyclic test results, without invoking the proposed online PI operations at all. It is evident that the proposed PI operations significantly improve the accuracy of modeling the SPD hysteresis. Figure 13(c) and Figure 13(d) show the simulated resisting force obtained by using the parameter values identified at around the 1250th and the 5500th step, respectively. Since the operations of model updating were turned off at around the 1250th step, the parameter values for the eight SPDs installed on the 1st and 2nd stories remained unchanged for the rest of the time history analysis (from the 1250th to the 5500th step). From Figure 13(c) it is evident that good hysteresis modeling can be obtained by using the parameter values identified after the specimen had experienced large plastic deformation. The similar results revealed in Figure 13(d) suggest that even if the operations of model updating were turned off at some later step, the obtained simulated results might not be necessarily more accurate.
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(a) Responses of ANM with on-line model updating		(b) Simulation with initial guess
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(c) Parameter values identified up to 1250th step	(d) Parameter values identified up to 5500th step

Figure 13. Experimental data vs. simulations results of the SPD with different identified parameter values

The ability of the ANM to provide an appropriate estimate of tangent stiffness matrix for the SPD specimen is demonstrated in Figures 14 and 15. Figure 14 shows the time history of the tangent stiffness (in-plane translational DOF) obtained by utilizing the procedure described above. Figure 15 shows the same quantity obtained by directly dividing the force increment by the displacement increment. It is evident that the stiffness provided by the ANM, as shown in Figure 14, varies smoothly throughout the test. Contrarily, by directly dividing the force increment by the displacement increment yields unrealistic hardening and erroneous negative values. If such tangent stiffness were used in HS, the test results would definitely be severely contaminated, if not failed due to numerical divergence in the step-by-step integration procedure.
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Figure 14. The ANM tangent stiffness time history (in-plane translational DOF)
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Figure 15. The specimen tangent stiffness time history calculated directly by dividing the force increment by the displacement increment (in-plane translational DOF)


5. CONCLUSIONS

A series of HS was conducted on a SPD specimen using NCREE MATS to study the seismic responses of a six-story SPD-MRF subjected to bi-directional earthquake excitations. PISA3D was extended to support this series of geographically distributed HS in a general-purpose manner. Test results indicate that the developed underlying software framework and computer programs are able to support HS with highly intricate modeling details.
The specimen target deformation was accurately imposed by using the proposed EDC method. This method can be applied on MATS and other similar testing systems to improve the accuracy of specimen motion control. It significantly improves the testing quality without the need of investment in extremely advanced testing equipment.
The OMU technique effectively identified the mechanical properties of the physical SPD specimen and accordingly updated the numerical models of relevant SPD elements to enhance the overall model fidelity. As a result, the simulation quality is considerably improved. In addition, the proposed OMU technique can also provide practical estimation of the tangent stiffness of the specimen. Therefore, it enables the hybrid tests to be conducted using time integration methods in which the tangent stiffness is required.
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Welcome

On behalf of the Anti-Seismic Systems International Society (ASSISi) and the Russian
Assodiation for earthquake engineering and protection from natural and manmade

hazards (RAEE) we warmly invite you to join us in St. Petersburg, Russia, on 1-6 July 2019 for

the 16th World Conference on Seismic Isolation, Energy Dissipation and Active Vibration
Control of Structures.

We believe this conference presents a unique opportunity for sharing the
latest international earthquake engineering knowledge and we encourage you to start
planning your contributions and attendance at the conference.

Please note the key dates for abstractand paper submission. As the conference date
draws closer the website wil be updated with details of the keynote
speakers, programme and other conference activities.

At the same dates in the parallel session the Xill Russian National Conference on
Earthquake Engineering and Seismic Zoning will be held

We look forward to welcoming you allin St. Petersburg!

Important Dates

Abstract Submission Deadline - 01 december 2018

RESEARCH CENTER
OF CONSTRUCTION

ol

TSNIISK

Partners





