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ABSTRACT

Self-centering steel moment-resisting frames (SC-MRFs) avoid damage in beams and eliminate residual drifts under the design basis earthquake (DBE). SC-MRFs have peak drifts similar to those of conventional steel moment-resisting frames, and so, experience appreciable non-structural damage under the DBE. The strategy of combining steel SC-MRFs with viscous dampers to achieve structural and non-structural damage harmonization has not been assessed. This paper presents a seismic design procedure for steel SC-MRFs with viscous dampers within the framework of EC8. The design procedure defines performance levels with respect to drifts, residual drifts and limit states in the post-tensioned (PT) connections.  The procedure also promotes the use of a fuse-PT bar system in order to avoid brittle failures in the PT connections and eliminate the probability of collapse under the maximum considered earthquake (MCE). A prototype building is designed as a SC-MRF with viscous dampers. Nonlinear static and dynamic analyses confirm the minimal-damage performance of the SC-MRF and the validity and simplicity of the proposed seismic design procedure. 

1.   INTRODUCTION
Self-centering steel moment-resisting frames (SC-MRFs) using post-tensioned (PT) beam-column connections are a promising class of resilient structures[1-5]. SC-MRFs exhibit softening force-drift behaviour and eliminate beam inelastic deformations and residual drifts as the result of gap openings developed in beam-to-column interfaces and elastic pre-tensioning elements which clamp beams to the columns and provide self-centering capability. PT connections use yielding-based[1, 2, 5] or friction-based[3] energy dissipation devices which are activated when gaps open and can be easily replaced if damaged. Existing design procedures for SC-MRFs aim to achieve drifts similar to those of conventional steel MRFs, and so, accept significant damage in drift-sensitive non-structural elements under the design basis earthquake (DBE)[1, 3, 4]. In addition, these design procedures propose either PT connections that may suffer a sudden loss of stiffness and strength when loaded beyond the maximum considered earthquake (MCE) drift[1] or PT connections that exhibit a ductile ultimate response by forming beam plastic hinges (damage) when loaded beyond the DBE drift[4]. Research towards the standardization of SC-MRFs within the framework of Eurocode 8 (EC8[6]) is missing. 

The use of viscous dampers in parallel to SC-MRFs can significantly improve the seismic performance of buildings by reducing drift and inelastic deformation demands on the primary lateral load resisting system, in addition to reducing the velocity and acceleration demands on non-structural components. This paper presents a seismic design procedure for steel SC-MRFs with viscous dampers within the framework of EC8[6]. The design procedure defines performance levels with respect to storey drifts, residual drifts and limit states in the PT connections with the goal of achieving structural and non-structural damage control. A preliminary pushover analysis is conducted at the early phase of the design procedure to estimate rotations and axial forces in the PT connections instead of using approximate formulae. The procedure also promotes the use of a fuse-PT bar system to avoid brittle failures in PT connections, i.e. beam local buckling and PT bar yielding. A prototype building is designed as an SC-MRF with viscous dampers and its behaviour is assessed through nonlinear static and dynamic analyses using OpenSees[7].
2.   SC-MRF USING PT CONNECTIONS WITH WHPs
Fig. 1(a) shows a SC-MRF using PT connections with web hourglass shape pins (WHPs) and Fig. 1(b) shows an exterior PT connection. This connection eliminates residual drifts and isolates damage in the very-easy-to-replace WHPs[2]. Two high strength steel bars, one at each side of the web, are post-tensioned to clamp  the beams to the columns. WHPs are inserted in aligned holes on the beam web and on supporting plates welded to the column flanges. Energy dissipation is provided by the WHPs that have an optimized hourglass shape (Fig. 1(c)) with enhanced fracture capacity[2]. A bolted shear tab, with negligible influence on the connection behaviour, is used for easy erection and resistance against gravity loads before post-tensioning. To avoid brittle failures in the PT connection, the use of a fuse-PT bar mechanism is proposed, as shown in Fig. 1(b). The fuse is designed to yield at a predefined force level to limit the peak force and elongation of the PT bars.
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Figure 1   (a) SC-MRF; (b) exterior PT connection with WHPs; and (c) WHP geometry and assumed behaviour
A discontinuous steel-concrete composite slab[5] is adopted to avoid damage in the slab due to gap opening in the PT connections. The slab is placed after post-tensioning. The slab diaphragm eliminates beam shortening, and so, the internal axial forces in the beams remain constant and equal to those due to initial post-tensioning of the PT bars. Any further increase in the PT bars forces due to elongation under gap opening is transferred to the beam-column interfaces by the slab diaphragm (Eqns 1.a and 1.b).

Fig. 2(b) shows the free body diagram of an external PT connection where d1u and d1l are the distances of the upper and lower WHPs from the center of rotation (COR) that is assumed to be at the inner edge of the beam flange reinforcing plates; d2 is the distance of the PT bars from the COR; T is the total force in both PT bars; FWHP,u and FWHP,l are the forces in the upper and lower WHPs; CF is the compressive force in the beam-column interface; Vc1u and Vc1l are the shear forces in the upper and lower column, M is the PT connection moment, V is the beam shear force; and N is the horizontal clamping force in the beam-column interface. Fig. 2(a) shows the SC-MRF expansion due to rotations θ in the PT connections. The slab inertia forces FD are transferred to the mid-depth of the beams of the SC-MRF by the secondary beams and are in equilibrium with the column shear forces. Based on Fig. 2(a) and 2(b), N is given by 
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for the external connection of Fig. 3.a and by
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for an internal connection where Vciu and Vcil are the shear forces developed in all the columns i up to the point of the examined internal connection. Eqn 1.b suggests that N for internal connections has an upper and lower value depending on the direction of FD. Fig. 2(c) shows the theoretical cyclic M-θ behaviour of the PT connection with WHPs, where 
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where MN is the moment contribution from N and MWHP is the moment contribution from the WHPs. The rotations θ2 and θ3 correspond to the yielding of the upper and lower WHPs, respectively, whereas the fuse yields at the rotation θ4. The slopes S1 to S4 and the rotations θ2 to θ4 shown in Fig. 2(c) can be obtained using equations presented in[5].   
3.    Design procedure  
Given the rotations of the PT connection under the DBE and MCE (i.e. θDBE and θMCE) and the forces Vc1u, Vc1l and FD at different rotations θ from a preliminary pushover analysis of the SC-MRF discussed in Section 4, the design procedure involves sizing of the connection components (e.g. PT bars, fuse, reinforcing plates) to achieve an explicitly defined target structural performance for the SC-MRF (discussed in Section 4), and has the following steps: 

Step (1): Calculate the initial post-tensioning force. Select an appropriate value of the ratio MIGO/Mpl,b where MIGO is the moment at point 2 in Fig. 2(c) and Mpl,b is the plastic moment of resistance of the beam. Typically, MIGO/Mpl,b should be less than one to ensure that the SC-MRF will have a base shear strength comparable to that of a conventional MRF. Select an appropriate value for the ratio Md/MIGO where Md is the moment contribution from the total initial post-tensioning force T0 in both PT bars. Md/MIGO should be larger than 0.5 to approximately ensure self-centering behaviour of the PT connection (the effectiveness of the selected Md/MIGO value is accurately evaluated in design step 4). T0 is given by
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Step (2): Design the PT bars and the fuse. Assume an initial PT bar diameter dPT and calculate the total yield force of the PT bars, Ty, by
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where fy,PT is the yield strength of the PT bars material. Select the rotation θ4 (Fig. 2(c)) associated with yielding of the fuse. T is given by
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where KPT is the stiffness of the PT bars and Kfuse is the post-yielding stiffness of the fuse associated with the connection to be designed[5]. The total cross-section area of the fuse devise, Afuse, is calculated by
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where fy,fuse is the yield strength of the fuse material. Select the safety factor against PT bar yielding γPT and check if Ty/T(γPT·θMCE)≥1.0. If Ty/T(γ·θMCE)<1.0, repeat design step 2 with a larger dPT.

Step (3): Design the WHPs. Select the number of upper and lower WHPs, nWHPs (=2 in Fig. 1), and calculate the required yield force of one WHP, FWHP,y, from
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by substituting Md for MN(θ2) as MN(θ2) is still unknown. With FWHP,y known, the external, De, and internal, Di, diameters of the WHP (Fig. 2(c)) can be designed[5]. The rotations θ2 (Fig. (3.c)) is calculated by 
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where Kfe[5] is elastic stiffness of a WHP. With θ2 known, MN(θ2) is calculated by  
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where (N(θ2)-T(θ2)) is calculated from Equation (1) by using values for Vcil, Vciu and FD from a preliminary pushover analysis (Section 4). The new value of MN(θ2) is used in Eqn (7) and the whole WHP design process (Eqns (7) - (9)) is repeated. 

Step (4): Self –centering capability. To ensure self-centering capability of the PT connection, the following relations should be satisfied 
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If Eqn (11) is not satisfied, return to design step 1 and repeat the design procedure with a higher Md/MIGO ratio.

Step (5): Design the reinforcing plates. The length of the beam flange reinforcing plate, Lrp, is designed to control beam flange yielding in the beam for θ=θDBE. Lrp is given by
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where Lb is the beam clear length and Mrp is the moment at the end of the reinforcing plate. Mrp is calculated as a function of the beam internal axial force and a predefined target value of εc/εy where εc the maximum compressive strain and εy the yield strain of the beam material[3]. As was discussed, the beam internal axial force remains constant due to the slab diaphragm and can be approximately (and conservatively) considered equal to T0 without considering the column restraint. The minimum reinforcing plate area, Arp, is calculated by
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M and CF depend on the rotation θ and can be obtained using equations presented in[5]. The beam web reinforcing plates and the supporting plates are designed to avoid yielding under the WHP bearing forces[3, 4]. 
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Figure 2   (a) Expansion of an SC-MRF and horizontal forces equilibrium; (b) free body diagram of an external PT connection; and (c) theoretical cyclic behaviour of the PT connection
4.   PERFORMANCE-BASED SEISMIC DESIGN PROCEDURE FOR STEEL SC-MRFS 
The proposed seismic design procedure within the framework of EC8[6] for steel SC-MRFs with (or without) viscous dampers ensures a pre-defined structural and non-structural target building performance, and has the following steps: 

 (Step 1): Define target building performance. In addition to PT connection limit states (see Section 3), structural limit states include yielding and plastic hinge formation at the column bases, limit values for the peak storey drift, θs-max, and the residual storey drift, θs-res, and limit values for the probability of sidesway collapse under the MCE. 

(Step 2): Select supplemental damping. The supplemental damping ratio ξs provided by viscous dampers is selected. ξs is added to the inherent damping ratio, ξi, of the frame to provide a total damping ratiο ξt which is then used to calculate the damping reduction factor B[8] (or η in EC8[6]). This factor is used to scale down the ordinates of the elastic design spectrum of EC8[5]. Larger ξs values result in lighter beam and column cross sections (Step 3) and in larger fluid viscous damper designs (Step 4). 
(Step 3): Design beams and columns. The beam and column cross-sections of the SC-MRF are sized by designing the building as a conventional steel MRF on the basis of the modal response spectrum analysis of EC8[5] with respect to the highly damped spectrum of Step 2. The beam and column cross-sections should satisfy the θs-max of Step 1. 
(Step 4): Design fluid viscous dampers. Given ξs from Step 2 and the fundamental period of vibration T from Step 3, nonlinear viscous dampers are sized by using simplified procedures[8]. Dampers and supporting braces can be inserted in a gravity frame (with pinned connections) of the building which is fully coupled with the SC-MRF through the diaphragm action of the composite slab. In case of not practical (large) damper constants, Steps 3 and 4 should be repeated by selecting a lower ξs value in Step 3.

(Step 5): Preliminary pushover analysis. A pushover analysis is performed to estimate the rotations θDBE and θMCE in the PT connections of the SC-MRF. Pushover analysis is based on the assumptions discussed in[5]. The pushover analysis results are used to check all limit states relevant to yielding and plastic hinge formation of the columns. 

(Step 6): Design PT connections. The PT connections are designed according to Section 3 by using the results of Step 5.
5.   DESIGN A 5 STOREY SC-MRF WITH NONLINEAR VISCOUS DAMBERS AND RESPONSE EVALUATION
Fig. 4(a) shows the plan view of the 5-storey prototype steel office building used in this study. The building has two perimeter 3-bay steel SC-MRFs to resist lateral loads in X direction (Fig. 4(b)). The dead and live loads are according to Eurocode 1. The design study focuses on one of the perimeter SC-MRFs. The design ground motion is defined by the design spectrum of EC8[6] with peak ground acceleration equal to 0.35g and soil class B. The frame has ξi=3%, ξs=16.5% and viscous dampers are designed with α =0.5. The steel yield strength is 275 MPa for beams, 355 MPa for columns, 235 MPa for WHPs, and 855MPa for the PT bars. θDBE and θMCE are equal to 0.016 and 0.025 rads, respectively.  The fuse is designed to yield under the DBE. T is equal to 1.63sec and the steel weight of the beams and columns is 230kN. The safety factor γPT is equal to 2. Md/MIGO is equal to 0.60, MIGO/Mpl is equal to 0.65 and εc/εy is equal to 2. 
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Figure 4   (a) Floor plan showing layout of lateral and gravity load resisting frames and (b) SC-MRF
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Figure 5   (a) Monotonic pushover; and (b) Cyclic (push-pull) analysis

A 2D nonlinear analytical model of the SC-MRF with viscous dampers is developed in OpenSees[8]. Fig. 5(a) shows the monotonic pushover curve of the SC-MRF along with structural limit states and the roof drifts, θr, expected under the frequently occurred earthquake (FOE), DBE and MCE.  Fig. 5(b) shows a cyclic (push-pull) analysis of the SC-MRF up to θs-max=1.8% that is expected under the DBE. It is shown that the PT connections satisfy the performance objectives and that residual drifts are eliminated under the DBE. Fig. 6 shows the roof drift time histories of the SC-MRF under 1990 Manjil earthquake scaled (at the fundametal period of vibration of the SC-MRF) to the DBE and MCE. The peak drifts are consistent with the design criteria while the SC-MRFs eliminates residual drifts under both the DBE and MCE.
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Figure 6   Nonlinear time history analyses

5.   CONCLUSIONS
This paper presented a performance-based seismic design procedure for SC-MRFs with (or without) viscous dampers within the framework of Eurocode 8. The procedure defines performance objectives with respect to peak storey drifts, residual drifts and limit states in post-tensioned connections, and uses of a fuse-PT bar system to avoid brittle failures in the connections under the MCE. The proposed seismic design procedure is efficient and accurate, and generally provides SC-MRFs that eliminate residual drifts under both the DBE and MCE and satisfy pre-defined performance objectives. The fuse-PT bar system was found to be an efficient way to avoid brittle failures in the PT connections under the MCE. Full-scale tests will be conducted by the authors to experimentally validate the proposed seismic design procedure presented in this paper. 
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