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The behavior of steel structures subjected to seismic actions depends directly on the connections behavior. There are two current tendencies for ensuring the structural ductility: allowing the formation of plastic hinges in the beams by using reduced beam sections or reduced web sections or by ensuring the plastic hinge formation in the connection by using dissipative elements. This paper presents a new perspective regarding the energy dissipation mechanism formation within the beam-to-column connection. The design of connections capable of dissipating large amounts of energy, with an acceptable strength and ductile behavior is a real challenge for engineers. Sustainability is a big advantage for these connections. Another big advantage is the possibility of restoring the functionality of the damaged construction in a short time interval and with reduced costs. The introduction of connections with demountable energy dissipative plates can be a step forward in designing new beam-to-column connections for steel structures.
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INTRODUCTION

Steel structures are frequently used in seismic areas due to their ductile behavior, high energy dissipation capacity and relatively fast and simple construction. The degradations of structures after the 1994 Northridge and 1995 Kobe earthquakes showed that classic beam-column connections have a brittle behavior. Most connections failed due to stress concentrations in the welds, material imperfections, or weld defects. The classic design of steel structures proved to be inefficient. Thus, the ductile failure requirement was introduced by ensuring the development of a plastic hinge at the ends of the beams and at the base of the columns, and at the ground floor of the construction (Engelhardt and Husain, 1993).

Prior to the Northridge and Kobe earthquakes, the connections were considered as either fully rigid or pinned. In the 1990s, it was proved that the majority of the connections designed as fully rigid had in fact a semi-rigid behavior. The same thing was observed for pinned connections.

According to Eurocode 3 part 1–8 (CEN EN., 2005), a moment resistant connection needs to have three essential characteristics: stiffness (Sj,ini), bending moment resistance (Mj,Rd) and plastic deformation capacity, ductility, or rotation capacity (Φu).

According to the stiffness values, connections can be classified as pinned, fully rigid, or semi-rigid. Pinned connections should transmit the internal forces without developing significant bending moments which could affect the connected structural elements. A fully rigid connection presents a high rotational stiffness and semi-rigid connections do not satisfy the criteria for fully rigid or pinned connections.

According to the bending moment resistance, connections can be classified as pinned, full strength, or partial strength. A full strength connection develops a larger capable bending moment than the plastic capable bending moments of the connected elements. Thus, yielding will appear in the weakest structural member connected in the joint.

Considering the classifications presented above, a general classification can be made taking into consideration both aspects, as follows:

• full strength and rigid connections,

• full strength and semi-rigid connections,

• partial strength and rigid connections,

• partial strength and semi-rigid connections,

• pinned and semi-rigid connections,

• pinned connections.

Knowing the behavior of a connection is important because the order of plastic hinge formation in the structure and the collapse mechanism can be evaluated.

Generally, full strength beam-to-column connections are designed to ensure the plastic hinge formation in the connection or in the beam, thus avoiding plastic deformations of the columns. This requirement is fulfilled by varying the connection components characteristics. Although there are many technical solutions for moment resistant connections, the most frequently used type is the end plate connection with bolts or welding the beam directly to the column. Both of the connected structural elements have I or H sections. All components of this connection can influence the behavior: the end plate type (exact, extended, or extended with stiffeners), end plate thickness (Venghiac et al., 2017), bolt diameter, the compression or tension stiffeners on the web panel of the column, and the shear stiffener on the web panel of the column.

PAST STUDIES REGARDING CLASSIC BEAM-TO-COLUMN CONNECTIONS

Many experimental and numerical studies on classic welded or bolted connections showed their vulnerability which manifested in a brittle failure with limited or no ductility. The T-stub connections studied by Swanson and Leon failed with net section fractures of the stem or in a tension bolt fracture mode which were the most sudden and brittle failure modes observed for these connections (Swanson and Leon, 2000). Another example is the prefabricated steel beam-to-column connection studied by Hu et al. (2014) which also showed limited energy dissipation and brittle failure. Other studies improved upon the procedures used in finite element analyses by using a SHELL bolt model instead of a realistic 3D bolt model (Moshaly et al., 2011), or by incorporating different algorithms for contacts, non-linear shear links in the analysis (Diaz et al., 2011; Brunesi et al., 2014).

Therefore, different typologies were used to move the formation of the plastic hinge from the connection to the beam. This can be achieved by adding haunches or horizontal splices on top of the beam flanges and welded on site. Another solution of concentrating the plastic deformations in the beam can be achieved by reducing the beam sections. This can be done by cutting a part of the beam flanges: reduced beam section (RBS) or by cutting holes in the web of the beam: reduced web section (RWS).

The research carried out by Tsavdaridis on connections with RBS or RWS beams confirmed a good behavior from the point of view of stress distribution under cyclic loading (Tsavdaridis and Papadopoulos, 2016; Naughton et al., 2017). An important criterion is for the connection to have sufficient strength and stiffness in order to transmit the yielding stresses in the weakened section of the beam, far away from the connection in order to ensure the “weak beam-strong column” mechanism which means to ensure the formation of the plastic hinge in the beam. Another important goal of the RBS geometry was to protect the steel connection (endplate, bolts, welds, column flange) from plastification (Sofias et al., 2014).

All this research showed that RBS and RWS are a good solution for ensuring ductility of steel structures, although there are situations where the plastic hinge formation is preferred in the connection. The connections consist of plates especially designed to yield under loading and dissipate the seismic energy. Some examples include: the PI damper connection (Koetaka et al., 2005), the slit damper connection (Chan and Albermani, 2008; Oh et al., 2009; Saffari et al., 2013), double split tee (DST) connections (Herrera et al., 2013; Bravo and Herrera, 2014; Latour and Rizzano, 2015; Tong et al., 2016), dissipative splice connections (Calado et al., 2013; Valente et al., 2017a,b), or connections with memory shape alloy bolts (Wang et al., 2015; Yam et al., 2015).

PROPOSED BEAM-TO-COLUMN CONNECTIONS WITH ENERGY DISSIPATIVE PLATES

Ensuring the formation of the plastic hinge in the connection presents a series of advantages. The most significant are the possibility of restoring the function of the damaged building in a short time with low repair difficulty and costs, the possibility of designing the connection to fulfill any strength and stiffness requirements. Also, the plastic hinge formation in the beam or in the end-plate connection leads to difficult and costly repairs of the damaged components: beam ends and end plates.

For this reason, we believe that greater attention should be paid to these types of connections. A series of beam-to-column connections with demountable dissipative plates is being studied at the Department of Structural Mechanics of the Faculty of Civil Engineering of Iaşi. Part of these connections were inspired by the TADAS and ADAS dampers (Tsai et al., 1993) by adopting such dissipative plate shapes. Several versions were considered, including rectangular straight or bent plates (Figure 1) which presented a good energy dissipation capacity. The beam of this connection rests on a cantilever of the column by the means of a circular bar welded on the bottom flange of the beam. The top flange is connected to one end of a dissipative plate which on the other end is attached to the column flange. The circular bar allows the rotation of the beam on the column cantilever. Under seismic actions, the rotation of the beam will act upon the dissipative plate which starts to yield resulting in the seismic energy dissipation.
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FIGURE 1 | Beam-to-column connections with different versions of dissipative plates: (A) one straight plate, (B) one bent plate, (C) multiple straight plates, (D) multiple bent plates, and (E) one straight plate—experimental model.



FINITE ELEMENT MODEL

In order to analyze one of these connections under cyclic loading, a finite element model was developed using the ANSYS finite element modeling software. The model consists of one rectangular dissipative plate bolted at the top to the end of the beam and at the bottom to the column flange. In order to simplify the model, only the dissipative plate, the bolts, and a small section of the column flange are taken into consideration. The deformations of the column and beam are neglected. The dimensions of the plate are 290 mm × 170 mm × 15 mm. The steel grade is S235 and the bolts are 10.9 property grade. The column flange section is defined as a fixed support and the load is applied on the top bolts. The loading protocol is consistent with AISC (ANSI/AISC 341, 2016) with an addition of two extra cycles at θ = 0.05 rad. The local displacement values on the top bolts of the dissipative plate were geometrically determined from θ. The behavior of the connection under cyclic load is presented in Figure 2. The displacement (Δ) applied at the top of the dissipative plate is plotted on the horizontal axis and the force reaction (F) on the vertical axis. The force reaction is obtained with the probe tool where the displacement was applied. The hysteretic response shows a satisfactory ductile behavior. However, these results need to be validated by experimental tests.
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FIGURE 2 | Finite element model of beam-to-column connection with one straight dissipative plate: (A) geometry of finite element in ANSYS and (B) force–displacement curves.



This connection can be designed with more plates resulting in higher connection stiffness, bending moment resistance, and energy dissipation. After a major earthquake, the damaged dissipative plates can be easily replaced by removing the bolts. Also, no temporary support for the beam is necessary during this operation. The dissipative plates can be arranged in other positions and can be designed to have different shapes and sizes in order to increase the efficiency of the connection. Therefore, different categories of connections can be designed from the strength and stiffness point of view.

Other types of connections studied in our Faculty are provided with special devices for taking over the shear forces which appear in the joint. The components and behavior under cyclic loading will be presented in future papers since this connection is the object of a patent which is in the application stage.

Future research should be concentrated on the determination of the behavior of these connections under cyclic actions and of the response (in terms of story drift, overall strength capacity) of different steel frame structures provided with this type of connections. We consider that these connections are a step forward in designing beam-to-column connections with demountable energy dissipative plates for steel structures.
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