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Abstract

:

This work investigates and discusses the effectiveness of the seesaw system when installed in an older, non-ductile reinforced concrete (RC) building for seismic upgrading purposes. In particular, two different configurations of the seesaw system are assumed in a two-storey 3D RC framed building which was designed according to older seismic provisions and, thus, is susceptible to flexural and shear failures. To check if there is any merit in employing the seesaw system in this RC building, non-linear time-history (NLTH) analyses are conducting using 11 seismic motions. Peak values for inter-story drift ratios (IDR), residual inter-story drift ratios (RIDR) and floor accelerations (FA) are computed, and the sequence and cause (i.e., due to surpass of flexural or shear strength) of plastic hinge formations are monitored. Leaving aside any issues related to fabrication and cost, interpretation of the results obtained by the aforementioned seismic response indices for the RC building under study leads to the conclusion that the seesaw system can be a retrofitting scheme for the seismic upgrading of older, non-ductile RC framed buildings.
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1. Introduction


The seesaw system, originally proposed by Kang and Tagawa [1,2] and subsequently vastly improved by Katsimpini et al. [3,4] and Beskos et al. [5], consists of a pin-supported steel seesaw, two spiral strand ropes (cables) with turnbuckles that intersect from the edges of the seesaw and a couple of viscous dampers installed vertically on the seesaw (Figure 1). Up until now, the application of the seesaw system has been restricted to steel structures [1,2,3,4,5]. Presented in this paper is, for the first time in the literature, the application of the seesaw system to older, non-ductile reinforced concrete (RC) buildings as a means of their seismic upgrading.



Figure 1 displays the installation of the seesaw system within a typical RC frame. In particular, the seesaw and the dampers are connected using steel base plates, anchors and welds on the RC slab, whereas a gusset plate is used to connect the terminal edge of the cable (pin joint) with the beam-to-column interface. To enhance the flexural and shear capacity of the beam-to-column region, steel plates (or sheets) are wrapped (using injected epoxy adhesive and bolts if needed) around the beam and column, thus providing the necessary backing parts needed to weld the gusset plate. The horizontal (on the beam) and vertical (on the column) dimensions of the steel sheets are determined by the dimensions of the RC joint, but they are also controlled by the failure modes of the gusset plate [6]. Variations of the seesaw system regarding its installation type, the kind of dampers and the details of the connections may also be considered [1,2,3,4,5]. Nevertheless, in order to draw preliminary conclusions regarding the effectiveness of the seesaw system towards the seismic upgrading of non-ductile RC buildings, the installation type shown in Figure 1 is the starting one. It is recalled [3,4,5] that the seesaw system works only in tension, although a small prestressing of the cables in needed in order to ensure activation of both cables under the reversals of seismic motion. It should also be noted that the RC slab has to be checked against the effect of punching shear due to the forces transmitted by the dampers and the vertical pinned member of the seesaw.



To investigate the effectiveness of the seesaw system towards the seismic upgrading of non-ductile RC buildings, a two-storey 3D RC framed building designed according to older seismic provisions [7,8] and, thus, susceptible to flexural and shear failures, is examined herein. For such older, non-ductile RC buildings, one anticipates shear failure to override the flexural one in the critical (most stressed) regions of the RC members.



Two different configurations of the seesaw system to the two-storey RC framed building under study are possible: the concentric per floor installation, as shown in Figure 1, and the eccentric; i.e., the seesaw is eccentrically placed with respect to the RC frame, whereas the cables of the seesaw pass through properly detailed (attached to steel plates) deviators on the intersected floor beam (as shown in Figure 2) [9,10]. In both configuration cases of Figure 1 and Figure 2, the connection of the seesaw system with the ground is performed either by an isolated footing that has to be constructed, or directly to the existent foundation. Possible interaction of the seesaw system with the ground have to be studied; nevertheless, for the purposes of the present work, this interaction is assumed to be small.



The seismic behaviour of the two-storey RC building equipped with the seesaw system is assessed by means of non-linear time-history (NLTH) analyses employing a set of 11 seismic motions (accelerograms) recorded during historical earthquakes. The seismic response indices selected in order to evaluate the effectiveness of the seesaw system are the peak values for inter-storey drift ratio (IDR), residual inter-storey drift ratio (RIDR) and floor acceleration (FA), as well as the sequence of plastic hinge formations and their cause (flexural, flexural/axial or shear failure, the latter essentially corresponding to brittle failure). An inspection of the results provided by the aforementioned seismic indices proves that the insertion of the seesaw system in older, non-ductile RC buildings as a means of their seismic upgrading can be an alternative to the commonly applied retrofitting schemes.




2. Seismic Analysis of a Two-Storey RC Building with Seesaw System


This section presents the RC building under study, the installation type and design of the seesaw system, as well as the seismic motions and modelling assumptions for the purposes of the NLTH analyses.



2.1. The Two-Storey RC Building and Seesaw System Installed


The symmetrical in floor plan and regular in height two-storey RC building equipped with the seesaw system is shown in Figure 3. Two different configurations of the seesaw system are considered (see Figure 1 and Figure 2). According to Figure 3a, the seesaw system (its cables are highlighted by a green colour) is installed at the middle bay of the perimeter frames and at every floor. The seesaw system is concentrically placed with the respect to the frame where it is installed. The cables emanating from the seesaw are anchored at both ends of the beam of the middle bay. Thus, at each floor of the RC building, four seesaw systems are totally installed.



Referring now to Figure 3b, four seesaw systems eccentrically placed with respect to the middle bay of the RC frames of the perimeter are totally installed. Unlike steel members, where slotted holes can be easily fabricated in order to let the cables pass through them [5], this is not an option for the RC members. The seesaw systems are anchored at the outer ends of the beams of the second floor and deviators are used on the intersected beams of the first floor in order to let the cables of the seesaw pass through them [9,10]. The perimeter installation of the seesaw systems for the RC buildings shown in Figure 3 has been deliberately chosen in order to preclude any undesirable torsional effects (due to stiffness and mass distributions), beyond those simulated by means of accidental eccentricity.



For the two-storey RC building shown in Figure 3, each bay has a 6.0 m span and each storey has a 3.0 m height. Dead (excluding self-weight of the RC) and live loads on the slabs are assumed to be 1.5 kN/m2 and 2.0 kN/m2, respectively, whereas the thickness of the slab is 12 cm. The grade of concrete and steel reinforcement is C12/15 and S400 (fy = 400 MPa), respectively. The dimensions, as well as the steel reinforcement of the RC columns and beams, are presented in Table 1. The dimensions of all columns of the perimeter frames are 40/40, whereas those of the internal columns are 35/35. The dimensions of all beams are 20/40. The two-storey RC building is assumed to be fixed-base, i.e., soil-structure interaction is absent.



It is then assumed that the two-storey RC building must resist the seismic load that corresponds to the design spectrum of EC8 [11] for peak ground acceleration (PGA) equal to 0.24 g, soil class B, importance factor γ = 1.0 and behaviour factor q = 1.5. Therefore, response spectrum analysis is conducted and the storey shears in both horizontal directions of the building are computed. These storey shears are then utilised to estimate the diameter (section) of the cables of the seesaw system. The diameter and the design breaking (tensile) strength of the cables are presented in Table 2. In that table, the numbering of storeys starts from bottom to top.



It should be noted that, in the response spectrum analyses, a small initial pre-stressing (2.0 kN) has been taken into account for the cables. It is also assumed that the anchorage type (terminal edge) of the cables is such that the breaking (tensile) strength values of Table 2 do not need to be reduced according to [12]. Regarding the rest members of the seesaw (Figure 1 and Figure 2), the following assumptions are made: the damping coefficient of the linear viscous dampers is 250 kNs/m [13], the height of the rigid vertical steel plate (limited by the mid-stroke length of the dampers [13]) is 870 mm, and the length of the rigid horizontal steel plate is 1600 mm. The steel grade of the seesaw members is S275.




2.2. Seismic Motions and Modelling for NLTH Analyses


The two-storey RC buildings of Figure 3 are subjected to the two horizontal components of the 11 seismic motions (accelerograms) presented in Table 3. These accelerograms have been selected so that their 5%-damped response spectrum closely matches the aforementioned design spectrum of EC8 [11] in the 0.2 T–2.0 T period range, where T is the predominant period of the RC buildings. For the purposes of the seismic analyses, these seismic motions are assumed to be applied in the direction of the two orthogonal structural axes of the RC buildings of Figure 3, considering three values for the horizontal angle of seismic incidence, i.e., 0°, 45° and 90°, with respect to the geometric centre of the column layout. Some details about these accelerograms, i.e., the earthquake location, date and moment magnitude Mw, as well as the recording station and soil type, can be found in Table 3. Regarding soil type, the abbreviations HR, SR and SL stand for hard rock, sedimentary and conglomerate rock, and soil/alluvium, respectively.



The seismic response of the RC buildings shown in Figure 3 is determined through NLTH analysis involving both material and geometrical nonlinearities [14]. The innate viscous damping of the RC building is assumed to be 5% and follows the Rayleigh formula [14]. The floor slabs are modelled using thin shell elements. Beam and column members are modelled using standard frame elements, and their inelastic behaviour is taken into account using point plastic hinges at both their ends. An effective (cracked) stiffness for beams, columns and slabs is employed following [15]. The formation of plastic hinges takes place due to uniaxial bending in beams and due to the interaction between axial force and biaxial moment in columns [14,15]. Strength and stiffness deterioration phenomena are modelled according to [14,15].



Shear failure is also modelled using shear hinges placed next to the plastic hinges [14]. The maximum shear force that a shear hinge can sustain is determined by the relevant formulae of EC2 [16], which is simpler than the one in [15]. Therefore, when the shear force surpasses the force provided by this formula, shear failure occurs. On the basis of the steel reinforcement shown in Table 1, the maximum shear and moment capacities are 35 kN and 37 kNm, respectively, for beams; 76.3 kN and 122.1 kNm, respectively, for the 35/35 columns; and 93.5 kN and 150.3 kNm, respectively, for the 40/40 columns.



Since the RC buildings of Figure 3 do not possess or possess very limited ductility capacity, it is expected that shear failure (especially for columns) precedes flexural failure. The numerical acceptance criteria, i.e., hinge rotations, are those of [15]. The modelling of non-structural elements is omitted for reasons of future investigation.



Tension (cable) elements, rigid steel elements and discrete viscous dampers are used to model the seesaw system, and elastic behaviour for all elements of the seesaw system is considered. The viscous dampers possess zero stiffness and small mass, and their damping force depends on the velocity in a linear fashion. The properties of the viscous dampers, i.e., the damping coefficient and the mid-stroke length [13], are mentioned at the end of the previous section.





3. Seismic Response Results


The seismic response results of the RC buildings of Figure 3 equipped with the seesaw system, when subjected to the 11 seismic motions of Table 3, are presented in this section. In particular, these results involve peak values for IDR, RDIR and FA as well as the cause (due to flexure or shear) of plastic hinge formations, taking into account the angle of seismic incidence. Obviously, these peak values are computed only for those NLTH analyses that satisfy the numerical acceptance criteria of [15] and the exhibition of shear failures.



In NLTH analyses, the cases of considering plastic hinge formations from (i) flexure and shear and (ii) flexure, are distinguished, and the corresponding IDR, RDIR and FA results are presented separately. The reason behind this distinction is to highlight the difference in response indices if the increased flexural and shear strength of the critical regions (plastic hinges) offered by steel plates (or sheets) wrapped around the beam and column (see Figure 1 and Figure 2) is taken into account or not, shifting, thus, the mode of failure of these regions from flexural to shearing, respectively. The increased flexural and shear strength provided by properly designed steel plates is considered herein to be 1.5 times greater than the original flexural and shear strength values of beams and columns [17,18,19,20,21,22,23]. Due to the increased flexural and shear strengths, the curvature of the strengthened structural elements increases, leading essentially to a flexure-controlled behaviour of the plastic hinges.



For reasons of space, only the peak values of IDR, RIDR and FA as well as the number of failures (essentially corresponding to specific seismic motions-angle of seismic incidence combinations) for which either the numerical acceptance criteria [15] are not satisfied or shear failure occurs are tabulated. It should be noted that failure of the seesaw system, i.e., of the cables, dampers and members of the seesaw, is also checked by assuming elastic behaviour and the corresponding design strength values (from Table 2 for cables, 250 kN for the linear viscous dampers and the axial, shear and flexural strengths [24] for the seesaw members assuming S275 steel grade).



For reasons of expediency, in order to represent different earthquake levels and, consequently, to evaluate the effectiveness of the seesaw system for different earthquake levels, the seismic motions of Table 3 have been also descaled 0.5 and 0.25 times following [25] and the corresponding peak IDR, RIDR and FA values are also tabulated. The total number of NLTH analyses performed for each RC building of Figure 3 is 99, i.e., 11 (number of seismic motions) multiplied by 3 (values considered for the horizontal angle of seismic incidence) multiplied by 3 (earthquake levels corresponding to scaling factors 0.25, 0.5 and 1.0).



3.1. RC Building with Concentric Installation of the Seesaw System


The RC building of Figure 3a, i.e., equipped with concentrically placed seesaw systems with respect to the middle bay of the perimeter RC frames, exhibits shear failures to columns and beams for case (i) and flexural failures mainly to columns for case (ii). The number of failures, as well as the peak values found for IDR, RIDR and FA for cases (i) and (ii) and the three earthquake levels considered, are shown in Table 4 and Table 5, respectively. No failure of the viscous dampers, cables and seesaw members is attested. The fundamental period of the RC building of Figure 3a is 0.178 s.




3.2. RC Building with Eccentric Installation of the Seesaw System


The RC building of Figure 3b, i.e., equipped with eccentrically placed seesaw systems with respect to the perimeter RC frames, exhibits shear failures to columns and beams for case (i) and flexural failures mainly to columns for case (ii). The number of failures, as well as the peak values found for IDR, RIDR and FA for cases (i) and (ii) and the three earthquake levels considered, are shown in Table 6 and Table 7, respectively. No failure of the viscous dampers, cables and seesaw members is attested. The fundamental period of the RC building of Figure 3b is 0.177 s.





4. Discussion


A comparison between the number of failures shown in Table 4 and Table 5 reveals that the increased flexural and shear strength provided by the use of steel plates (case ii) improves the seismic behaviour of the RC building if the 100% earthquake level is considered, but does not lead to an improvement for the 25% and 50% earthquake levels. The same trend is witnessed if a similar comparison is performed between the number of failures shown in Table 6 and Table 7. However, it is expected that the number of failures for case ii) will be smaller if a larger increase of flexural and shear strength is achieved.



A comparison between the peak values for IDR, RIDR and FA in Table 4 and Table 5 and for the same earthquake level reveals an increase or equal values with the only exception the peak FA value for the 25% earthquake level. A comparison between the peak values for IDR, RIDR and FA in Table 6 and Table 7, and for the same earthquake level, reveals an increase in all three earthquake levels. As expected, peak values for IDR, RIDR and FA for case (ii) increase with increasing earthquake level. In terms of drift and residual drift capacity, the eccentric installation leads to higher peak IDR and RIDR values in comparison to the concentric one, but this is not accompanied by a smaller number of failures.



To verify if there is any merit in placing the seesaw system either in a concentric or in an eccentric way to the RC building under study, NLTH analyses of the RC building without the seesaw system are performed considering the three earthquake levels in conjunction with cases (i) and (ii). Peak values of IDR, RDIR, FA as well as the number of failures for the RC building without the seesaw system are presented in Table 8 and Table 9. The fundamental period of the RC building without the seesaw system is 0.208 s. Therefore, the insertion of the seesaw system adjusts only slightly the fundamental period which has been reported above to be approximately 0.18 s for both the RC buildings of Figure 3.



Figure 4, Figure 5 and Figure 6 present the storey peak IDR, RIDR and FA values for the seismic motion No. 4 of Table 3, which was found that induces the maximum responses. In these figures, the abbreviations ‘Bare’, ‘Con’ and ‘Ecc’ stand for the cases of the RC building without, with concentric and with eccentric seesaw system, respectively, whereas ‘x’ and ‘y’ denote the horizontal directions of the RC building. After an inspection of the plots shown in Figure 4, Figure 5 and Figure 6, one realises that the insertion of the seesaw system effectively reduces the peak IDR and RIDR values of the RC building, but not necessarily its peak FA values.



A comparison between Table 4 and Table 9 reveals that the seesaw system effectively reduces the peak IDR, RIDR and FA values of the RC building for all earthquake levels. Nevertheless, the number of failures remains unchanged because it essentially depends on the flexural and shear strengths of beams and columns in the critical regions (plastic hinges). These strengths can be further increased by proper detailing of the steel plates. This increase in strengths, if modelled in an NLTH analysis, would improve the seismic behaviour of the RC beams and columns, leading in all likelihood to a lower number of failures for the RC building. In other words, the insertion of the seesaw system in an older, non-ductile RC building for seismic upgrading purposes should necessarily be accompanied by local interventions at beams and columns (steel jacketing using steel plates) in order to increase their flexural and shear strengths at the critical regions (plastic hinges).




5. Conclusions


Leaving aside any issues related to fabrication and cost, and focusing only on the results and discussion presented above for the RC building studied, it is believed that the seesaw system in conjunction with properly designed local steel jacketing may constitute an effective seismic upgrading scheme for similar older, non-ductile RC buildings, leading to: (i) a reduction of peak IDR and RIDR values that lie in the ranges of 56–89% and 60–95%, respectively; (ii) an increase or decrease in peak FA values by about 32%. The aforementioned percentages depend on the earthquake level considered and are outcomes of the RC building studied. Therefore, they should not be generalised until more numerical examples involving various RC buildings are performed.
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Figure 1. Installation and connection details of a seesaw system within an RC frame. 
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Figure 2. Installation and connection details of a seesaw system eccentrically placed with respect to an RC frame. 
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Figure 3. Concentric (a) and eccentric (b) installation of the seesaw system in the two-storey RC building. 






Figure 3. Concentric (a) and eccentric (b) installation of the seesaw system in the two-storey RC building.



[image: Vibration 06 00008 g003]







[image: Vibration 06 00008 g004 550] 





Figure 4. Distribution of peak IDR for the RC building with and without the seesaw system, when subjected to seismic motion No. 4 of Table 3. 
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Figure 5. Distribution of peak RIDR for the RC building with and without the seesaw system, subjected to seismic motion No. 4 of Table 3. 






Figure 5. Distribution of peak RIDR for the RC building with and without the seesaw system, subjected to seismic motion No. 4 of Table 3.



[image: Vibration 06 00008 g005]







[image: Vibration 06 00008 g006 550] 





Figure 6. Distribution of peak FA for the RC building with and without the seesaw system, subjected to seismic motion No. 4 of Table 3. 
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Table 1. Sections and the steel reinforcement of the two-storey RC building.
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	Column dimensions (cm)
	35/35 and 40/40



	Longitudinal reinforcement (mm)
	4Φ25



	Stirrups (mm)
	Φ8/150



	Beam dimensions (cm)
	20/40



	Longitudinal reinforcement (mm)
	2Φ14 (up) and 2Φ14 (down)



	Stirrups (mm)
	Φ8/150
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Table 2. Diameter and breaking strength of cables.
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	Diameter (mm)
	Breaking Strength (kN)





	Two-storey/storey 1
	19.0
	212.0



	Two-storey/storey 2
	16.0
	149.0



	Two-storey/eccentric configuration
	19.0
	212.0
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Table 3. Seismic motions.






Table 3. Seismic motions.





	No.
	Earthquake
	Date
	Station
	Mw
	Soil





	1
	Bam, Iran
	26 December 2003
	Bam
	6.5
	SL



	2
	Cape Mendocino, USA
	25 April 1992
	Cape Mendocino
	6.9
	SR



	3
	Darfield, New Zealand
	03 September 2010
	Greendale
	7.0
	SL



	4
	Superstition Hills, USA
	24 November 1987
	Parachute Test Site
	6.5
	SL



	5
	Kobe, Japan
	17 January 1995
	Takatori
	6.9
	SL



	6
	Loma Prieta, USA
	17 October 1989
	Los Gatos
	7.0
	HR



	7
	San Fernando, USA
	09 February 1971
	Pacoima Dam
	6.6
	HR



	8
	Cape Mendocino, USA
	25 April 1992
	Petrolia
	6.9
	SR



	9
	Vrancea, Romania
	30 August 1986
	INCERC
	7.3
	SL



	10
	El Salvador, El Salvador
	13 January 2001
	Observatorio
	7.6
	SR



	11
	El Salvador, El Salvador
	13 January 2001
	Observatorio
	7.6
	SR
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Table 4. Number of failures and peak IDR, RDIR, FA values-case (i): flexural and shear hinges.
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	Earthquake Level (%)
	Number of Failures
	IDR (%)
	RIDR (%)
	FA (g)





	25
	18/33
	0.05
	0.002
	0.37



	50
	24/33
	0.07
	0.02
	0.36



	100
	33/33
	-
	-
	-
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Table 5. Number of failures and peak IDR, RDIR, FA values-case (ii): flexural hinges.
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	Earthquake Level (%)
	Number of Failures
	IDR (%)
	RIDR (%)
	FA (g)





	25
	18/33
	0.05
	0.008
	0.30



	50
	24/33
	0.08
	0.02
	0.53



	100
	24/33
	0.25
	0.12
	0.80
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Table 6. Number of failures and peak IDR, RDIR, FA values-case (i): flexural and shear hinges.






Table 6. Number of failures and peak IDR, RDIR, FA values-case (i): flexural and shear hinges.





	Earthquake Level (%)
	Number of Failures
	IDR (%)
	RIDR (%)
	FA (g)





	25
	18/33
	0.05
	0.004
	0.32



	50
	24/33
	0.09
	0.04
	0.42



	100
	33/33
	-
	-
	-
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Table 7. Number of failures and peak IDR, RDIR, FA values-case (ii): flexural hinges.






Table 7. Number of failures and peak IDR, RDIR, FA values-case (ii): flexural hinges.





	Earthquake Level (%)
	Number of Failures
	IDR (%)
	RIDR (%)
	FA (g)





	25
	18/33
	0.09
	0.01
	0.24



	50
	24/33
	0.17
	0.05
	0.50



	100
	24/33
	0.44
	0.20
	0.75
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Table 8. Number of failures and peak IDR, RDIR, FA values (no seesaw, flexural and shear hinges).






Table 8. Number of failures and peak IDR, RDIR, FA values (no seesaw, flexural and shear hinges).





	Earthquake Level (%)
	Number of Failures
	IDR (%)
	RIDR (%)
	FA (g)





	25
	18/33
	0.50
	0.20
	0.70



	50
	24/33
	0.90
	0.16
	0.50



	100
	33/33
	-
	-
	-
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Table 9. Number of failures and peak IDR, RDIR, FA values (no seesaw, flexural hinges).






Table 9. Number of failures and peak IDR, RDIR, FA values (no seesaw, flexural hinges).





	Earthquake Level (%)
	Number of Failures
	IDR (%)
	RIDR (%)
	FA (g)





	25
	24/33
	0.40
	0.10
	0.35



	50
	24/33
	0.70
	0.40
	0.40



	100
	24/33
	1.00
	0.50
	0.90
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