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Estimating torsional demands in plan irregular buildings using pushover procedures coupled with linear dynamic response spectrum analysis
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Abstract   The limitation of the commonly used Nonlinear Static Procedures (NSPs), including the ones recommended by the seismic codes (Eurocode 8 - N2 method, ATC40 and FEMA440 – Capacity Spectrum Method, CSM) is their inability to capture the torsional behaviour of plan-asymmetric buildings. Fajfar and his team have extended the N2 method to this kind of structures through the application of correction factors which depend on both, linear dynamic response spectrum analysis and pushover analysis. In this paper, the proposed correction factors are applied to the N2 method and to the CSM with the features recommended in FEMA440 in order to assess the seismic response of three existing plan irregular buildings. The torsional demands estimated by the aforementioned NSPs are duly compared with the ones defined by means of the most precise nonlinear dynamic analyses for several levels of seismic intensity. The torsional correction factors used seem to improve the performance of existing code pushover methodologies in estimating the seismic response of plan irregular structures.
1 Introduction    
The use of NSPs on the seismic assessment or design of structures has gained considerable popularity in recent years, backed by a large number of extensive verification studies that have demonstrated their relatively good accuracy in estimating the seismic response of regular structures (planar frames and bridges). 

However, the extension of such use to the case of 3D irregular structures has been the object of a limited number of scientific studies, which effectively ends up by limiting significantly the use of NSPs to assess actual existing structures, the majority of which do tend to be non-regular [1, 2, 3, 4]. 

The major limitations of the existing NSPs, including the ones recommended by the seismic codes (e.g. the N2 method [5, 6] proposed in Eurocode 8 [7] and the CSM [8, 9] with the features presented in ATC40 [10] and in FEMA440 [11]), is their inability to capture the torsional behaviour of plan irregular buildings. Generally they cannot capture the torsional effects distorting the real structural response.

Fajfar and his team have developed the Extended N2 method [1, 12] which is able to capture the torsional behaviour of plan-asymmetric buildings. This procedure is based on the application of correction factors to the pushover results obtained with the N2 method. The correction factors depend on the results of a dynamic elastic analysis and of a pushover analysis. 

Bhatt and Bento have also extended the CSM-FEMA440 to plan asymmetric buildings [13] using the same correction factors definition proposed by Fajfar.

In this paper the results obtained in three existing plan irregular buildings, using the extended N2 method and the extended CSM-FEMA440 to plan asymmetric structures, are compared with the nonlinear dynamic median results and with the linear response spectrum analysis. The application of torsional correction factors to improve the performance of existing code pushover methodologies in estimating the seismic response of such structures is therefore evaluated.

In the first part of the work, the extension of both code procedures to the 3D case is described. Afterwards, the three case studies analysed, their modelling options as well as the seismic action considered are depicted. The results obtained with the evaluated procedures are presented in terms of normalized top displacements in order to better understand the torsional response of the buildings. Final conclusions are pointed out in the end.

2 Torsional correction factors to use in pushover methods    
Extensive parametric studies have been performed by Fajfar and his co-workers [1] in order to investigate the parameters that influence the inelastic torsional response of building structures. Several conclusions were drawn and are herein presented:

1) The inelastic torsional response is qualitatively similar to the elastic torsional response. Quantitatively, the torsional effects depend on the ductility demand, therefore on the ground motion intensity;

2) An upper bound of the torsional amplifications can be estimated with a linear dynamic response spectrum analysis;

3) The torsional effects decrease with the increase of plastic deformations. This trend is clear with the smaller amplification of displacements on the flexible side. However, if the structure is subjected to small plastic deformations, characterized by ductility less than 2.0, the amplification on the flexible edge may be slightly higher than in the elastic structure;

4) The response on the stiff edge depends on the influence of different modes of vibration and on the ground motion in the transverse direction. This response depends on the structural and ground motion characteristics in both directions. It is difficult to make general conclusions about the response on the stiff side. De-amplification of displacements due to torsion on the stiff side decreases with increasing plastic deformations in elastic torsionally stiff structures. Sometimes, it could happen a transition from de-amplification to amplification. In elastic torsionally flexible structures the amplification due to torsion decreases with increasing plastic deformations;

5) For large plastic deformations, the smaller torsional effects in the inelastic range when compared with the elastic range are usually illustrated by a flattening of the displacement envelopes in the horizontal plane;

6) The dispersion of results is larger in the inelastic range than in the elastic regime.

Based on the results obtained, the following conclusions were taken [1]. They are important for the development of simplified analysis methods and code guidelines:

1) A conservative estimation of the amplification of displacements due to torsion in the inelastic range can be determined by a dynamic elastic analysis;

2) Any reduction of displacements on the stiff side compared to the counterpart symmetric building, obtained from elastic analysis, will decrease or even disappear in the inelastic range.

These conclusions were used by Fajfar and his team [1, 12] to develop an extension of the N2 method to plan asymmetric building structures. The entire procedure can be summarized in the following steps:

1) Perform pushover analyses with positive and negative sign for each X and Y direction of a 3D numerical model. Compute the target displacement – displacement demand at the CM at roof level – for each direction as the larger value of the + and – sign pushover, using the original N2 method proposed in Eurocode 8;

2) Perform a linear modal response spectrum analysis in two X and Y direction combining the results according to the SRSS rule;

3) Determine the torsional correction factors. This factor is computed by the ratio between the normalized roof displacements obtained by the elastic response spectrum analysis and by the pushover analysis. The normalized roof displacement is obtained by normalizing the displacement value at a specific location with respect to those of the centre of mass (CM). If the normalized roof displacement obtained from the elastic response spectrum analysis is smaller than 1.0, one should consider 1.0 to avoid any favourable torsional effect (reduction of displacements) given by the elastic analysis;

4) Multiply the quantity under study at a certain location by the correction factor calculated for that location.

As one can conclude from the previous steps, the extended N2 method uses both nonlinear static pushover and elastic dynamic analysis. The displacement demand and its distribution along the height at the centre of mass of each storey are determined using the original N2 method. The amplification of displacements due to torsion is calculated by elastic dynamic analysis. The reduction of displacements due to torsion is not taken into account. The results obtained by Fajfar and his team show that this extended procedure leads to conservative estimations of the torsional response of plan asymmetric buildings.

In [13] Bhatt and Bento have extended the CSM-FEMA440 to plan asymmetric buildings following the aforementioned procedure suggested by Fajfar. The difference lies in step 1), where the target displacement is calculated using the CSM with the features proposed in FEMA440.

3 Case studies    
Three real plan-asymmetric RC buildings were analysed in this endeavour. The first case study is the three storey SPEAR building. It represents typical existing three-storey buildings in the Mediterranean region following Greece’s concrete design code in force between 1954 and 1995. This structure was designed only for gravity loads based on the construction practice applied in the early 1970s that included the use of smooth rebars. A prototype was tested in full scale at Ispra within the European framework project SPEAR. Further details on the structure and its pseudo-dynamic testing can be found in [14] and [15]. The SPEAR building is plan-asymmetric in both X and Y directions but it is regular in elevation (Figure 1).
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Fig. 1: Three storey building configuration: a) in plan; b) at the south west facade (units in meters).
The second case study is a five storey building. It is a real Turkish reinforced concrete structure which experienced the 1999 Golcuk earthquake without any damage. The building is asymmetric along the X axis, Figure 2a), and all the floors keep the same height, Figure 2b). There are potential weak connections due to the existence of beams framing into beams. There are also walls and elongated columns (wall-like column), as presented in Figure 2a). For more details on the building’s characteristics see [16].
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Fig. 2: Five storey building configuration (a) Plan View (cm), (b) Lateral View (m).
The last case study is a real 8 storey Turkish reinforced concrete building [17]. It is a plan-asymmetric structure in both X and Y axis, see Figure 3a). The first storey is 5.0m height and the upper floors are 2.7m height, Figure 3b). There are beams framing into beams leading to possible weak connections in the structure. There are also walls and elongated columns (wall-like column), as presented in Figure 3a), with the higher dimension always along the Y direction. For this reason, the structure will be more stiff and resistant along the Y direction. 

The Turkish five and eight storey buildings were designed according to the 1975 Seismic Code of Turkey.
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Fig. 3: Eight storey building configuration (a) Plan View (cm), (b) Lateral View (m).
4 Modelling options    
The 3D models representing the buildings under analysis were developed with the fibre element based finite element program SeismoStruct [18]. They were built using space frames assuming the centrelines dimensions. The inelastic behaviour of the structural elements was modelled using a fibre element model, with each fibre being characterised by the material relationships described below.

The concrete was represented by a uniaxial model that follows the constitutive relationship proposed by Mander et al. [19] and the cyclic rules proposed by Martinez-Rueda and Elnashai [20]. The confinement effects provided by the lateral transverse reinforcement are taken into account through the rules proposed by Mander et al. [19] whereby constant confining pressure is assumed throughout the entire stress-strain range. A compressive strength of 25MPa was considered for the SPEAR building and 16.7MPa for the Turkish buildings. The constitutive model used for the steel was the one proposed by Menegotto and Pinto [21] coupled with the isotropic hardening rules proposed by Filippou et al. [22]. The average yield strength of 360 MPa was assumed for the SPEAR building and 371 MPa for the Turkish buildings.

The rigid diaphragm modelling calibration of the SPEAR building can be found in [23]. The comparisons between the analytical results and the experimental tests for this structure are described in Bento et al. [24].
5 Seismic assessment    
In this section the parametric study is described, as well as the seismic action definition and the numerical model used in the performed structural analyses.
5.1 Seismic action    
Seven bi-directional semi-artificial ground motion records from the SPEAR project fitted to the EC8 [7] elastic design spectrum (Type 1 soil C) were used in the three storey building case. For the five and eight storey buildings, combinations of three bi-directional semi-artificial ground motion records were applied. The three considered ground motions are real records from the PEER’s database website [25]. They were fitted to the Eurocode 8 elastic design spectrum (with the Turkish code features – Type 1 soil A) using the software RSPMatch2005 [26]. 
The ground motions were scaled and applied for a wide range of peak ground intensities in order to assess the performance of the NSPs throughout different levels of structural inelasticity. The accelerograms were scaled for peak ground accelerations of 0.05, 0.1, 0.2 and 0.3g for the three storey building and to 0.1, 0.2, 0.4, 0.6 and 0.8g for the Turkish buildings. The median displacement response spectra of each set of ground motions were used to compute the nonlinear static procedures response. They are represented in Figure 4a) and b) as defined for the three storey building and for the Turkish buildings respectively. In these figures are also plotted the EC8’s response spectra with which the real accelerograms were matched.
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Fig. 4 – Displacement response spectra a) three storey, b) five and eight storey buildings.
5.2 Structural analyses performed    
In the pushover analyses, lateral forces were applied to the structure in the form of modal load pattern (for the N2 method, a uniform distribution was also applied). The loads were applied independently in the two horizontal positive/negative directions, resulting in four analyses. For each one, the target displacement was computed with the larger value in each direction being chosen. The results were combined in the two directions using the SRSS combination.

For the nonlinear dynamic analysis of the 3 storey SPEAR building the aforementioned seven bidirectional semi-artificial ground motion records were applied in 4 different configurations: X+Y+, X+Y-, X-Y-, X-Y+.

For the nonlinear dynamic analysis of the Turkish buildings, the abovementioned three bidirectional semi-artificial ground motion records were used. Each record was applied twice in the structure changing the direction of the components, resulting in 6 models, each one with five intensity levels for the 5 storey building and three intensity levels for the 8 storey building.

The results in terms of normalized top displacements in the two directions were calculated and compared for all seismic intensity levels, and for all nonlinear static and dynamic analyses. 

6 Dynamic properties of the case studies    
The modal properties of the three analysed buildings are herein presented. The three storey building has a fundamental mode of 0.617sec characterized by translation along the X direction, a second mode of 0.527sec with torsional motion and a third mode of 0.441sec with translation along the Y direction. It is mentioning that, in this case study, both translational modes are coupled with torsion. The five storey building presents a first mode of 0.617sec with translation along the X direction, a second mode of 0.593sec with translation along the Y direction and a third mode of 0.509sec with torsional motion. Finally the eight storey building has a first mode of 1.445sec with translation along the X direction, a second mode of 0.636sec with torsional motion and a third mode of 0.482sec with translation along the Y direction. Further details on the modal results can be found in [27].
The analysed buildings present torsional features due to their irregularities in-plan. According to Fajfar [1] the period ratios of a structure have an important influence on its torsional behaviour. The period ratios Ωx and Ωy are defined as the uncoupled translational period divided by the uncoupled torsional period in the X and Y directions. The influence of the predominantly torsional mode of vibration on the response in the direction considered when compared with the predominantly translational mode increases if the period ratio decreases. Structures with period ratios larger than 1 are usually classified as torsionally stiff and structures with period ratios smaller than 1 as torsionally flexible. A structure can be torsionally stiff in one direction and torsionally flexible in the other. In Table 1 are represented the period ratios in the X and Y direction for the three analysed buildings. One can conclude that the three storey building is classified as torsionally stiff in the X direction and torsionally flexible in the Y direction. The five storey building is torsionally stiff in both X and Y direction. The eight storey building is torsionally stiff in the X direction and torsionally flexible in the Y direction.
Table 1 Period ratios.
	
	Ωx
	Ωy

	3 storey building
	1.2
	0.8

	5 storey building
	1.2
	1.2

	8 storey building
	2.3
	0.8


7 Results of the parametric studies

The results obtained with the extension of the N2 method and of the CSM-FEMA440 for plan asymmetric buildings are plotted against the median timehistory nonlinear dynamic results (TH), the response spectrum analysis (RSA) and the original procedures, in terms of normalized top displacements. When dealing with plan-asymmetric buildings the normalized top displacements is the measure one should analyse in order to understand the torsional behaviour of the structure [1]. This measure is obtained by normalizing the edge displacement values with respect to those of the centre of mass. Several plots are presented showing the performance of the analysed procedures in estimating the torsional motion of the evaluated buildings.

In Figures 5 and 6 and 7 are depicted the results of the extended N2 method and in Figures 8, 9 and 10 are presented the results of the extended CSM-FEMA440, for the three analysed buildings, for different seismic intensities. More results on the performance of the extended N2 method and of the extended CSM-FEMA440 can be found in [27] and in [13] respectively.
From the obtained results, one can observe that the two original N2 and CSM-FEMA440 methods lead to similar normalized top displacements in the three analysed buildings. The same happens with both extended procedures.

One can conclude that torsional effects are generally higher for lower ground motion intensities. For increasing seismic intensities, one can understand a flattening on the normalized top displacements. This can be observed in all the analysed buildings. This conclusion confirms the idea that torsional effects are generally smaller in the inelastic range compared to what happens in the elastic one.
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Fig. 5 – Normalized top displacements, three storey building a) X direction, 0.1g, b) Y direction, 0.2g.
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Fig. 6 – Normalized top displacements, five storey building a) X direction, 0.2g, b) X direction, 0.6g.
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Fig. 7 – Normalized top displacements, eight storey building a) X direction, 0.2g, b) X direction, 0.4g.
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Fig. 8 – Normalized top displacements a) three storey building, X direction, 0.1g, b) five storey building, X direction, 0.1g.

The plots clearly show that the RSA estimates an upper bound of the torsional amplification on the flexible side of the buildings, in both elastic and inelastic range.

The extended procedures reproduce in a very good fashion the nonlinear dynamic results for all the buildings analysed and through all the seismic intensities tested. These methods show, for these case studies, a much better performance in estimating the torsional behaviour of the buildings than the original methods. Generally the last ones are not capable to reproduce the torsional response of the buildings.

The abovementioned plots show that the extended methods reproduce in a very accurate way the torsional amplification on the flexible edge in all the buildings analysed through all the increasing intensities. This good performance is justified because these extended procedures use a correction factor based on a RSA which also leads to very good estimations of the torsional amplifications, as shown in the plots. The original methods generally underestimate the torsional amplification of the displacements on the flexible side.
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Fig. 9 – Normalized top displacements, five storey building a) X direction, 0.2g, b) X direction, 0.6g.
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Fig. 10 – Normalized top displacements, eight storey building a) X direction, 0.2g, b) X direction, 0.4g.

From the plots it is evident that both RSA and the original methods consider the torsional de-amplification on the stiff side of the buildings, leading in some cases to underestimated results. For example, Figure 5b) (column C8), Figure 6b) (column S23) and Figure 7a) (column S69) illustrate the cases where the RSA leads to normalized top displacements smaller than one on the stiff edge, being these results non-conservative when compared with the timehistory. Therefore, whenever the RSA leads to normalized top displacements smaller than one, the extended methods consider this value to be equal to one. This recommendation avoids the extended methods to produce non-conservative results on this stiff edge. One can say that this is a safe criterion for designing and assessment of structures. In fact it must not be forgotten that this simplified procedures are developed to be applied in design offices where the results should rather be conservative than almost close to timehistory but slightly underestimated.

The original methods always provide a linear estimation of the torsional motion from one side of the building to the other, through all the seismic intensities. The extended methods do not consider any de-amplification of displacements due to torsion, leading in some cases to very accurate results and in others to conservative responses on the stiff edge of the buildings. 

The results obtained in this paper seem quite optimistic regarding the implementation of the extended N2 procedure in Eurocode 8 and of the extended CSM-FEMA440 in the next version of ATC guidelines.

However, one should be aware that the interplay among ground motion, inelastic amplification or de-amplification of displacements and structural system is complex. Therefore, more studies in different buildings should be developed in order to consolidate these nonlinear static approaches.

8 Conclusions

In this work, the torsional seismic response of plan irregular buildings was assessed using pushover code procedures – N2 method (Eurocode 8) and CSM (FEMA440) – and their extensions to the 3D case. These improvements are based on torsional correction factors, which depend on a pushover analysis and on a linear dynamic response spectrum analysis. The results obtained with the evaluated NSPs were compared with the nonlinear dynamic analysis and with the linear response spectrum analysis. The case studies evaluated were three existing plan irregular buildings with three, five and eight storeys. The procedures were evaluated by comparing the results in terms of normalized top displacements of the three case studies for different ground motion intensities. This measure gives an idea about the torsional behaviour of the structures.

The results obtained from this study showed that torsional effects are in general higher for lower ground motion intensities. In fact, for increasing seismic intensities, one can notice a flattening on the normalized top displacements of each building. This confirms the idea that torsional effects are generally smaller in the inelastic range than in the elastic stage. 

The extended methods performed in a much more accurate way than their original counterparts in estimating the torsional behaviour of all buildings analysed through all the seismic intensities tested. They generally captured in a very precise way the torsional amplification in terms of displacements on the flexible side of the buildings. 

The extended procedures do not take into account any de-amplification of displacements due to torsion. Therefore, the response on the stiff side of the buildings was in some cases estimated in a very precise way by the methods, and overestimated in others. 

The original methods are not capable in general to reproduce the torsional motion of the buildings, usually leading to a linear estimation of the torsional motion from one side of the building to the other. 

The original procedures considered the de-amplification on the stiff side of the buildings, underestimating in some cases the response. On the flexible side, the normalized top displacements were generally non-conservative in respect to the timehistory results. 

Recently, several procedures have been proposed taking into account torsion in simplified nonlinear static procedures, however definitive answers have not yet been reached. The results obtained herein added to the ones already published [1, 12, 3, 27, 28], confirm the idea that the extended N2 method has potential to be implemented in the next version of Eurocode 8 in order to correctly estimate the torsional response in real plan-asymmetric RC buildings through the use of pushover analysis.

The extension of the CSM-FEMA440 also presents potential to be incorporated in future codes, namely the ATC guideline. However, this procedure should be further tested in order to consolidate definitive conclusions.
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