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The present study compares the dynamic properties and seismic performances offered by reinforced concrete frame structures characterized by different beams distribution. The understanding of the influence of beams distribution on spatial frames is not only useful when dealing with the seismic vulnerability assessment of existing buildings that may show unusual layouts of beams, such as alternating beams at each storey, but also when facing the design of new buildings with fluid viscous dampers for which some structural flexibility is required. A systematic study is described in this paper. Four (2-, 3-, 6-, and 10-storey) regular frame buildings with rectangular plan are considered as reference structures. Different models are developed according to various layouts of the primary beams, exploring alternatives to the full three-dimensional organisation of beams and frames. For instance: beams placed along the longitudinal direction at the odd storeys and placed along the transversal direction at the even storeys, and vice versa; alternating beams every one and two storeys; beams just placed along one direction. Modal analysis has been conducted to evaluate the influence of beams distribution on the dynamic properties (periods of vibration and modal participating mass ratios). Response spectrum analysis and linear time-history dynamic analysis have been carried out to assess the effects of beams distribution on the fundamental seismic response parameters (shear forces, bending moments, top-storey displacements, interstorey drifts, and floor accelerations). On the contrary of what could be expected, the results indicate that structures with beams alternating every storey may show interesting advantages in terms of reduced total base shear, almost comparable bending moments and accelerations, within a still balanced overall behaviour along the two directions, with respect to the complete three-dimensional frame. Two effects are recognized: the period effect and the static scheme effect. The former acting basically on the storey shear forces; the latter acting mainly on the bending moments.
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INTRODUCTION
Background and Motivation
In countries like Italy, most of the building stock dates back to the post-second world war, when most of the territory was classified as non-seismic, and thus now presents inadequate earthquake-resistant performances (Vona and Masi, 2004; Cacace et al., 2018). In detail, according to the official data of the 2011 census (http://dati-censimentopopolazione.istat.it), buildings realised in the years ‘50s, ‘60s, and ‘70s represent the 46% of the overall Italian residential building stock. Out of this 46%, 54% is characterised by a masonry structure, 30% by a reinforced concrete (RC) structure and 16% by other materials.
Existing RC multi-storey frame buildings realized before the enforcement of seismic design code prescriptions therefore represent approximately 14% of the current Italian residential building stock. They are often characterized by one-dimensional frames, with beams aligned only along one direction (usually, the longitudinal one) and floors working along the other direction (usually, the transversal one) (Pozzati and Ceccoli, 1977) (Figure 1A). Nevertheless, it could happen that existing buildings show unusual distribution of beams, such as beams placed along one direction at the odd storeys and placed along the other direction at the even storeys (Figure 1B). These uncommon structural solutions may be found of course rarely, but still they were used thanks to the foresight and understanding of the structural behavior of the designers of those times. Those practitioners anticipated the nowadays widely-recognized fundamental seismic need of providing lateral stiffness and strength along both the main directions of the building (Bachmann, 2003; Petrini et al., 2004; Ghersi and Lenza, 2009). Indeed, current seismic design practice involves the insertion of lateral-resisting systems along both directions [e.g., §4.2.1.3 “Bi-directional resistance and stiffness” of EN 1998-1 (CEN, 2004)], which, for frame structures, often leads to the full three-dimensional (3D) frame concept, with beams aligned along both directions at all storeys.
[image: Figure 1]FIGURE 1 | Illustrative examples of Italian RC frame buildings of the ‘50s, ‘60s, and ‘70s: (A) hospital building with one-directional frames (year of construction: 1971; location: Bologna, Italy), (B) residential building with alternating beams (year of construction: 1962; location: Modena, Italy).
To the knowledge of the authors, there are no systematic studies in the scientific literature regarding the comparison of different distributions of beams along the height of the building in terms of dynamic and seismic performances. The textbook by Pozzati and Ceccoli (1977), only accounting for static design with wind horizontal action, suggests that, for medium-rise buildings characterised by up to 6 or 7 storeys, the primary beams should be better aligned along the longitudinal direction. The textbook by Giangreco (2002) introduces the frame structural systems from an historical point of view and classifies RC frame buildings on the basis of the construction process, with specific focus on prefabricated systems. Masi (2003) evaluates the seismic vulnerability of planar frame types (bare frames, regularly infilled frames, and pilotis frames) representative of existing RC buildings designed only to vertical loads and widely present in the Italian building stock of the last century. The guidelines by Bachmann (2003) focus on the basic principles of seismic conceptual design of buildings, including among many others: to avoid soft storeys, asymmetries, and discontinuities in stiffness and resistance. Petrini et al. (2004) compare moment-resisting frames with braced frames, wall systems and mixed systems. Castellani and Faccioli (2008) highlight the importance of specific constructive details in terms of transversal reinforcement stirrups and concrete confinement, in order to achieve a ductile behavior of RC frames, and specifically warn about pilotis buildings. Ghersi and Lenza (2009) discuss the different contribution to the lateral stiffness and strength of beams with height emerging from the floor and of beams with height contained within the thickness of the floor. Even if rightly considered one of the most complete books in the earthquake engineering field, the textbook by Villaverde (2009) does not systematically treat and compare the structural typologies with respect to the most efficient design for earthquake forces. When dealing with RC multi-storey frame buildings, the textbook by Mezzina (2021) recalls the importance of a clear identification of the loads path to the ground and of structural regularity. Basically, since the seismic design provisions became critical, the full 3D frame concept was taken for granted and not anymore discussed, which is generally correct. However, a comparative study on different layouts of beams may reveal interesting results that could be useful for nowadays practitioners and may pave the way for alternative design concepts for both seismic design of new buildings and seismic retrofitting of existing buildings. The first case could be relevant to the application of seismic protection systems, such as fluid viscous dampers, when some structural flexibility would enhance their efficiency in mitigating earthquake effects, also exploiting the possibility of inserting dampers connecting floors which are 2 or 3 storeys apart (Silvestri and Trombetti, 2007). In the second case, in addition to providing new information about consequences of unusual beams layouts, some results could simulate the effects associated to damage due to plastic hinges formation at the end of the beams of a given storey aligned in a given direction (provided that the design has been developed according to the “weak beam-strong column” concept), to model the response to aftershocks of a building severely damaged by the mainshock of an earthquake sequence.
Objective and Methodology
In this context, the objective of this paper is to investigate and compare the dynamic properties and seismic performances offered by RC spatial frame structures characterised by different beams distributions.
This is the first work that approaches the influence of beams distributions in frame buildings, by highlighting some unexpected good performances provided by structures with beams alternating every storey. The general aim is to share this idea to the scientific community, so that it could be further developed. In this respect, linear analyses are carried out on selected reference structures under several simplifying assumptions. The results obtained should be seen as a first “proof of concept” that would support and draw attention to this novel idea. Indeed, even if linear analyses could be not fully representative of the actual behavior of a specific building under strong ground motions, they provide more robust and general indications than non-linear analyses which strongly depend on the specific assumed parameters and have to be thus performed on a case-by-case basis. Nevertheless, as cautionary note, it should be clearly stated that, especially when dealing with strengthening interventions on existing RC buildings which are often characterised by non-linear response of the structural members due to limited strength, transposition of this idea into actual design should necessarily account for non-linear analyses including the specific features of the structure at hand. This would mean careful consideration of non-linear modelling (Paulay and Priestley, 1992; Bosco et al., 2009; Kreslin and Fajfar, 2010; Masi and Vona, 2012; Ferraioli, 2019), possible cracking of concrete (Priestley, 2003; López and Music, 2016; Álvarez et al., 2020), torsional response (Fajfar et al., 2005; Ghersi et al., 2007; De Stefano and Pintucchi, 2008), higher modes effects in irregular buildings (Maniatakis et al., 2013; Ferraioli, 2015), infill panels effects (Noh et al., 2017; Liberatore et al., 2018; Mazza, 2019), etc.
The paper is organised as follows. First, the reference structures are selected on the basis of the most common typology of regular frame buildings (The Reference Structures). Second, several models are defined for each reference structure depending on the distribution of the beams at each storey (The Considered Models). Then, dynamic properties of the identified models are obtained by means of classical modal analysis (Modal Analysis). Seismic performances under the “rare” earthquake of the identified models are obtained by means of (Response Spectrum Analysis) and (Linear Time-History Analysis) carried out with the Finite Element program SAP 2000 (CSI 2021).
THE REFERENCE STRUCTURES
The typical RC moment-resisting frame building typology commonly adopted in the ‘50s, ‘60s, and ‘70s in Italy for both residential private buildings and municipal public buildings of particular importance (such as hospitals) has been considered.
Four case-study buildings have been taken into account as reference structures: 2-storey, 3-storey, 6-storey, and 10-storey structures. In all cases, regularity is preserved in both plan and elevation (except for the lateral stiffness which is affected by the beams layout), the rectangular plan is 15 m × 10 m, the structural mesh is 5 m × 5 m, and the interstorey height is 3.20 m [the dimensions are comparable to those adopted by (Masi, 2003)]. All structures have the same geometrical and mechanical characteristics apart from the total number of storeys and consequently the size of the columns.
Preliminary static design has been developed according to the Italian regulations (NTC 2018). Concrete class C25/30 is assumed. Young modulus of the concrete is assumed equal to 29,420 N/mm2. The floor loads are reported in Table 1. The seismic weight of the typical floor is quantified as 6.80 kN/m2, whilst the seismic weight of the roof floor is equal to 6.20 kN/m2. ψ2 is the combination coefficient for the live loads for the seismic combination, according to EN 1998-1 (CEN 2004) and NTC 2018. The distributed loads on the perimeter beams corresponding to the self-weight of the non-structural infill walls, accounting for a 0.8 reduction factor due to window openings, are quantified as 8.70 kN/m. All the primary beams are characterized by 30 cm × 50 cm rectangular cross-section, whilst the secondary (perimeter) beams by 30 cm × 24 cm cross-section. The columns are fixed at the base and are characterized by square cross-sections, with dimensions depending on the floor level and on the total number of storeys, as detailed in Table 2.
TABLE 1 | Floor loads.
[image: Table 1]TABLE 2 | Column cross-section dimensions for the four reference structures.
[image: Table 2]In this theoretical study, several simplifying assumptions are adopted to allow for a first clear understanding of the fundamental differences in the behaviour of the models introduced in the following section, that would have been otherwise mixed up and/or hidden by too many additional parameters:
• Linear modelling of the structural members is implemented.
• The beam-column joint regions are not specifically modelled, but are characterised by the same properties of the converging beams and columns up to the node. Neither simplified rigid joint behaviour, nor refined models (Bonacci and Pantazoupoulou, 1993; Calvi et al., 2002; Masi et al., 2009; Metelli et al., 2015) have been considered.
• The lateral stiffness and the strength provided by the infill panels are neglected, assuming the occurrence, at ULS, of extensive damage to exterior infill walls and interior partitions, that are thus supposed to act as fusible elements protecting the structural members, as also frequently occurred in L’Aquila in 2009 (Ricci et al., 2011; Rossetto et al., 2011; Trombetti et al., 2011). Accordingly, no reduction due to cracking (i.e., the typical 50% value provided by the NTC 2018) is taken into account for the flexural and shear stiffness properties of the structural members.
• The accidental eccentricity (i.e., the typical 5% value) is also neglected.
Considering such specific issues is beyond the scope of this first “ice-breaking” work on the topic.
THE CONSIDERED MODELS
Each reference structure has been modelled considering several beams layouts. Table 3 specifies the positioning of the primary beams along the two directions. The numbers indicate the storeys, while X and Y indicate the direction along which the primary beams are located. In detail:
• Models 1 and 2 are characterized by beams alternating at each storey. Models 1 show primary beams placed along the X-direction at the odd storeys and placed along the Y-direction at the even storeys. Models 2 show primary beams placed along the Y-direction at the odd storeys and placed along the X-direction at the even storeys. For instance, the first floor primary beams of Models 1 are placed only along the X-direction, whereas the first floor secondary beams are positioned orthogonally only on the facades as perimeter curbs.
• Models 3 and 4 have alternating beams every one and two storeys.
• Models all-X and all-Y are one-directional frame structures along the X- and Y-direction respectively. They correspond to the structural solutions of the widespread design practice of the ‘50s, ‘60s, and ‘70 s in Italy.
• Model 3D represents the full frame scheme where primary beams are placed in all possible positions. It corresponds to the structural solution of the current seismic design practice and is taken as reference for the comparative analysis. Being composed of primary beams in both X- and Y-directions, it is expected to be the stiffest among all considered models.
TABLE 3 | The considered models and ranges of their total seismic weights.
[image: Table 3]Five models have been thus identified for the 2-storey structure and seven models for the 3-, the 6- and the 10-storey structures; they are detailed in Table 3. The last two rows of the table also report- the ranges of the total seismic weight for the building models, the minimum and the maximum value being always provided by the all-Y model and by the 3D model, respectively. The small difference (within 8%) is due to the self-weight of the beams.
As illustrative example, Figure 2 displays the three-dimensional view of Model 1 of the 6-storey structure, as well as the plan views of the odd- and even-storeys, and the prospects in the X-direction (longitudinal) and in the Y-direction (transversal). For Model 1: in the X-direction, primary beams are there only in the odd floors, while in the Y-direction primary beams are there only in the even floors.
[image: Figure 2]FIGURE 2 | Model 1 of the 6-storey structure: (A) three-dimensional view; (B) odd-storey plan view; (C) even-storey plan view; (D) YZ prospect view for grid-line B; (E) XZ prospect for grid-line 2.
MODAL ANALYSIS
Modal analysis has been performed on all the considered models to determine the fundamental periods of vibration along the longitudinal (TX), transversal (TY), and rotational (Tθ) directions for the four reference structures. Figure 3 shows the obtained values of TX, TY, and Tθ, whilst Figure 4 shows the same values normalised with respect to the corresponding values (TX3D, TY3D, Tθ3D) of the reference 3D model, namely TX/TX3D, TY/TY3D, and Tθ/Tθ3D.
[image: Figure 3]FIGURE 3 | Periods of vibration for the considered models.
[image: Figure 4]FIGURE 4 | Normalised values of the periods of vibration for the considered models.
Regarding the rotational period, in general, it does not change much among the various models of the same structure. The maximum percentage increases with respect to the reference values of the 3D models are within +35%, except for the case of the all-X models for the four structures which lead to a +50% increase.
Regarding the longitudinal and transversal periods, the following observations can be made:
• The 3D models are characterized by very low periods along both directions.
• All-X and all-Y models are the stiffest ones along the X- and Y-direction and the least stiff ones along the Y- and X-direction, respectively. In the soft direction, the periods of such models may be slightly smaller than (2-storey structure), around (3-storey structure) or even larger than (6- and 10-storey structures) two times the reference values of the 3D models.
• The behavior of the alternating beams models depends on the total number of storeys.
• For the 2-storey structure, Models 1 and 2 reveal quite different TX and TY values, due to the global absence of 50% of beams in one direction.
• For the 3-storey structure, Models 1 and 4 show quite different TX and TY values, whilst Models 2 and 3 are quite balanced. This might be probably also due to the 3:2 plan aspect ratio of the selected structures.
• For the 6- and 10-storey structures, it is interesting to note that, with increasing total number of storeys, Models 1 and 2 (having alternating beams every single storey) are more balanced in both directions than Models 3 and 4 (having alternating beams every one and two storeys). The fundamental periods of Models 1 and 2 are 30%–40% larger than those of the reference 3D models.
Figure 5 shows the values of the modal participating mass ratios associated to the fundamental periods of vibration along the longitudinal (X), transversal (Y), and rotational (θ) directions for all models of the four reference structures. They are necessary to deeply understand the origin of the total base shear values reported later in RSA Results. It is worth noticing that all modal participating mass ratios for all models of the 6- and 10-storey structures are around 0.7 and very close to each other. In contrast, more dispersion is observed for the 2- and 3-storey structures, with the reference 3D models providing values around 0.8.
[image: Figure 5]FIGURE 5 | Modal participating mass ratios of the fundamental modes of vibration for the considered models.
Finally, Table 4 reports the total dynamic masses activated along the three directions by the first 12 modes, that are considered in the following Response Spectrum Analysis. Overall, the total dynamic mass percentage is around the 85% value prescribed by NTC 2018, and even larger, with few exceptions. It is interesting to note that, in general, with increasing total number of storeys, it tends to converge to the same value for the models presenting alternating beams, whilst it decreases for the reference 3D model. As a result of this trend, all models of the 10-storey structure are characterised by roughly the same total effective mass, indicating a kind of regularisation of the dynamic behaviour for high-rise buildings. This is also consistent with the similar values (all around 0.7) of the first three modal participating mass ratios reported in Figure 5.
TABLE 4 | Sum of the effective modal masses for the 12 modes taken into account.
[image: Table 4]RESPONSE SPECTRUM ANALYSIS
Seismic performances are discussed with reference to the “rare” earthquake design level corresponding to a 10% probability of exceedance during the reference period, for which the seismic codes usually recommend the “life-safety” performance level (Bertero and Bertero, 2002). This falls within the so-called Ultimate Limit State (ULS) verifications, which are always mandatory as per NTC 2018.
Response Spectrum Analyses (RSA-X and RSA-Y) have been carried out separately along the X- and Y-directions for all models of the four reference structures, using as seismic input the design spectrum described hereafter. Separate analyses are justified by the symmetric configuration of the case-study buildings and by the choice of neglecting the accidental eccentricity, that avoid coupled effects due to rotation. No vertical component of the earthquake action has been considered. 12 modes are considered activating roughly 85% of total dynamic masses for all considered models, as per the results of Table 4. Complete Quadratic Combination (CQC) rule is adopted for combination of the modal effects. Provided that the aim is to focus on the differences of the seismic response of the considered models, the RSA results are presented without combining them with the effects of the vertical static loads.
The Design Spectrum
The site of Bologna (Italy) and a reference period for the seismic action (i.e., nominal lifetime of the building multiplied by usage/importance coefficient) equal to 100 years have been assumed. In particular, the following seismic parameters have been considered to obtain the elastic spectrum of the horizontal component according to the Italian Code (NTC 2018): peak ground acceleration at bedrock corresponding to a 10% probability of exceedance in the reference period ag = 0.21 g, soil type C, topographic category T1, soil amplification factor S = 1.40, Tc* = 0.315 s, plateau amplification factor F0 = 2.393. Peak ground acceleration at surface level acting at the base of each structure was consequently equal to ag S = 0.293 g. Damping ratio was set equal to 5%. The so-called ULS design spectrum has been then derived assuming a behavior factor equal to q = 2 for all the considered models (plausible for existing RC buildings characterized by poor ductility capacities due to non-seismic construction details, according to §C8.5.5.2 of Circolare n. 7 by C.S.LL.PP. Consiglio Superiore dei Lavori Pubblici, 2019). This choice is explained as follows. Regularity in elevation might be not fully preserved for the models presenting alternative beams distributions. Such models could be theoretically characterized by a smaller behaviour factor with respect to the reference 3D models, but also not. As a matter of fact, it might highly depend on the total number of storeys and the specific cross-sections adopted; with increasing total number of storeys, relative differences in lateral stiffness and irregularity seem to reduce for models with beams alternating every storey (see also the results at the end of Modal Analysis). There are no studies available on this issue, which is also beyond the objective of this work. Therefore, for the sake of a fair comparison, the same behaviour factor value is taken for all models. The elastic and ULS design spectra are displayed in Figure 6.
[image: Figure 6]FIGURE 6 | Response spectra.
RSA Results
Figure 7 reports the total base shear along the X-direction obtained by RSA-X (Vtot, base,X) and the total base shear along the Y-direction obtained by RSA-Y (Vtot, base,Y), for all models of the four structures.
[image: Figure 7]FIGURE 7 | Total base shear for all models of the four structures: RSA-X vs. RSA-Y.
In general, from a qualitative point of view, since most periods are well beyond the plateau region of the design spectrum (limited by TC = 0.5 s), the lower the fundamental period along one direction, the higher the total base shear along the same direction, and vice versa. When comparing the total base shear along the X-direction with that along the Y-direction, in general the rule “lower period—higher total base shear” leads to a switch between the two directions, regarding the maximum values of the periods and the total base shear. The larger the total number of storeys, the more this expected trend is confirmed. However, there are few exceptions: Model 2 of the 2-storey structure and Model 1 of the 3-storey structure. For instance, Model 2 of the 2-storey structure shows its highest period along the X-direction, but also its highest total base shear along the same X-direction. This is justified by the large difference in the modal participating mass ratios of the first mode along X (83%) and of the first mode along Y (59%) and by the fact that the fundamental period values are approaching the plateau region of the spectrum (so that, in the modal combination, higher modes effects are likely to be associated to the same plateau spectral acceleration).
The following quantitative comparisons can then be made:
• For the all-X models, Vtot, base,X is larger than Vtot, base,Y, ranging from +65% (2-storey structure) to +150% (10-storey structure).
• For the all-Y models, Vtot, base,Y is larger than Vtot, base,X, ranging from +30% (2-storey structure) to +140% (10-storey structure).
• For the 3D models, the maximum difference between Vtot, base,X and Vtot, base,Y is within 4%, meaning that they are well balanced with respect to the seismic input direction.
• Models 1 and 2 (with beams alternating each storey) are also quite balanced, since the difference between Vtot, base,X and Vtot, base,Y is within 15% for the 2- and 3-storey structures, within 10% for the 6-storey structure and within 5% for the 10-storey structure. This trend clearly indicates that the higher the total number of storeys, the smaller the difference between the total base shear values along the two directions.
• Finally, Models 1 and 2 provide total base shear values that are, on average (considering both directions and the four reference structures), 30% smaller than those provided by the 3D models.
This last observation indicates that the models with beams alternating every storey provide interesting advantages in terms of reduced total base shear (i.e., they do not behave “that badly”, quite the contrary) with respect to the complete three-dimensional frame.
The top-storey longitudinal (δX) and transversal (δY) displacements are reported in Figure 8 for all models of the four reference structures. δX are obtained by RSA-X; δY are obtained by RSA-Y.
[image: Figure 8]FIGURE 8 | Top-storey displacement for all models of the four structures: RSA-X vs. RSA-Y.
Overall, for the 3D models, the displacements in the Y-direction are slightly larger than the ones in the X-direction. This result is consistent with the 3:2 aspect ratio of the rectangular plan-view assumed for all structures. The smallest displacements are displayed by the 3D models and by the all-X models in the X-direction and by the all-Y model in the Y-direction. Models 1 and 2 (alternating beams every single storey) show displacement values higher (up to around +75% for the 2-storey structure and around +50% for the other structures) than the ones of the reference 3D models. Models 3 and 4 show displacement values higher (up around +80%) than the ones of the reference 3D models. The all-X and all-Y models show values along their soft Y- and X-directions which are +110% and +135% of the ones of the 3D models, respectively.
A reference (internal) column B2 has then been selected in the 6-storey structure for comparison of local element forces. It is displayed in Figure 9.
[image: Figure 9]FIGURE 9 | Location of the reference column B2 (odd-storey plan view of Model 1 of the 6-storey structure).
The shear forces (VX and VY) and bending moments (MX and MY) at the base of column B2 for all models of the 6-storey structure, for both RSA-X and RSA-Y cases, are reported in Figure 10. VX and MX are obtained by RSA-X; VY and MY are obtained by RSA-Y.
[image: Figure 10]FIGURE 10 | Internal forces at the base of the reference column B2 for all models of the 6-storey structure.
Regarding the base shear forces, the following observations can be made:
• Shear forces are higher for the seismic input along the direction characterized by small period of vibration, and vice versa (see VX for the all-X model and VY for the all-Y model, as compared with the periods of Figure 3).
• The 3D model shows the higher shear forces, which are comparable in the two directions.
• For all “mixed” models with alternating beams, intermediate results are obtained, with the rule “lower period-higher shear force” being always confirmed.
• In conclusion, the well-known period effect (the lower the period, the higher the spectral acceleration and thus the seismic forces, and vice versa) has been clearly recognized.
Regarding the base bending moments, the following observations can be made:
• The reference 3D model is balanced along the two directions, meaning that it shows comparable values of MX and MY.
• Overall, the largest differences between all the models and the reference 3D model are within +25% (MY of Model 3) and −38% (MX of Model 3, again).
• In contrast to shear forces results, all-X and all-Y models are balanced in terms of bending moments; comparable values of MX and MY are obtained. The reason is explained as follows. For the all-X model, the VY is low due to a high value of the period TY because of the absence of Y-oriented beams, so that no “full” stiff frame behavior is obtained along the Y-direction. However, the same absence of Y-oriented beams at each storey triggers off a static scheme in which each column works with an effective height which is far larger than the inter-storey height. Specifically, in the all-X model a cantilever scheme over the full height of the structure is activated for the columns in the Y-direction. This effect is hereafter referred to as static scheme effect.
• For the alternating beam models (Models 1 and 2), the static scheme effect (in this case: column elements working flexurally with effective height equal to double interstorey height, see Figure 11) is larger than the period effect, leading to higher bending moment for lower shear forces and vice versa.
• For Models 3 and 4, the period effect and the static scheme effect work both the same way; their combination leading to enhanced behavior discrepancies between the two directions.
• In conclusion, a static scheme effect is thus clearly recognized by comparing shear forces and bending moments. It can either counteract or boost the period effect, and consequently either attenuate or enhance the differences between the two directions, depending on the specific beams distribution.
[image: Figure 11]FIGURE 11 | Shear force and bending moment diagrams for Models 1, 2 and 3D of the 6-storey structure and graphical interpretation of the static scheme effect.
Shear forces along the X-direction, bending moments along the X-direction and interstorey drifts along both X- and Y-directions at each storey of the reference column B2 are compared for the 6-storey structure and shown in Figure 12.
[image: Figure 12]FIGURE 12 | Internal forces (VX and MX in the X-direction) and interstorey drifts (in both X- and Y-directions), at each storey, for the reference column B2 for all models of the 6-storey structure.
On one hand, as expected, seismic shear forces regularly (except for some cases at the base level) decrease with increasing number of storeys for all considered models, with the 3D model always providing the highest shear force value at each storey.
On the other hand, regarding the bending moments, period effect and static scheme effect determine strange results combinations. First, even if, overall, seismic bending moments still decrease with increasing number of storeys, the highest bending moment values at each storey are given by different models depending on the considered floor. Second, for the here considered X-direction, while the all-X model tends, of course, to exhibit large bending moments (similar to those of the 3D model and larger than those of the all-Y model), the bending moment distributions of Models 1, 2, 3, and 4 suffer from stronger disturbances at the first and intermediate storeys with respect to the more regular shear forces distributions. The final result is that the 3D, all-X and all-Y models show an almost constant increase of the storey bending moment from the top to the bottom, whilst the alternating beams models are characterised by a scattered trend depending on the specific combination of the two aforementioned effects. However, it is worth pointing out that, even if the beneficial period effect is somehow compensated by the disadvantageous static scheme effect, Models 1 and 2 still show comparable values of bending moment with respect to the 3D model.
Regarding the interstorey drifts along the X-direction, the all-X and the 3D models provide the smallest values, whilst the all-Y model provides the largest values. Models 3 and 4 provide dispersed values depending on the storeys. It is interesting to discuss the variation of the interstorey drifts of Model 1 (with alternating beams every storey) along the height of the building: the first interstorey drift is even smaller (−15%) than the reference one of the 3D model (which in turn is similar to that of the all-X model); the second, the third, the fourth and the fifth interstorey drifts are quite larger (around +50%) than those of the 3D model; the sixth (upper) interstorey drift is affected by the top-storey cantilever static scheme.
Regarding the interstorey drifts along the Y-direction, similar considerations can be made by switching the X-direction with the Y-direction, and Model 1 with Model 2.
LINEAR TIME-HISTORY ANALYSIS
Two sets of linear dynamic Time-History Analysis (THA-X and THA-Y) have been carried out separately along the X- and Y-directions for all models of the four reference structures, using as seismic input the seven accelerograms described hereafter. The specific objective of this section is twofold: (i) to compare the RSA and THA results for the validation of the CQC modal superposition rule in the case of unusual beams layout, (ii) to obtain and compare acceleration time-histories.
Again, no vertical component of the earthquake action has been considered. Provided that the aim is to focus on the differences of the seismic response of the considered models, the THA results are presented without combining them with the effects of the vertical static loads.
For the sake of conciseness, only the results of the 6-storey structure are presented hereafter. However, similar results have been obtained for the other reference structures.
The Accelerograms
Seven artificial accelerograms have been generated using the earthquake generator software SIMQKE-1 (Vanmarcke and Gasparini, 1976; Vanmarcke et al., 1990) in order to be consistent with the elastic spectrum of Figure 6. These acceleration time-histories and their spectra are detailed in Figure 13.
[image: Figure 13]FIGURE 13 | (A) Illustrative example of one of the seven artificial accelerograms with its corresponding response spectrum. (B) Spectral compatibility of the seven response spectra with the elastic spectrum.
In the following section, the THA results are presented in terms of mean value of the seven peak absolute values of each investigated response parameter (shear force, bending moment, top-storey displacement, etc.) obtained for each one of the seven artificial earthquakes. To account for ductility resources in linear time-history analyses and to allow for a fair comparison with the RSA results, the internal force values, such as shear forces and bending moments, obtained by THA are divided by the assumed behavior factor (q = 2), whilst the displacement and acceleration values obtained by RSA are multiplied by the assumed behavior factor (q = 2).
THA Results
The results obtained by response spectrum and linear time history analyses are compared for all models of the 6-storey structure in terms of total base shear and other local response parameters for the reference column B2 (Figure 14). For this purpose, only the X-direction is considered, allowing for the RSA-X vs. THA-X comparison.
[image: Figure 14]FIGURE 14 | Total base shear and various response parameters for the reference column B2 for all models of the 6-storey structure: RSA-X vs. THA-X.
It can be immediately noticed that the THA-X provides results very similar to those obtained by the RSA-X, and, more precisely, slightly larger than them. The following specific observations can also be made.
Regarding the total base shear, the interstorey drift between the first and second floors, the shear force and the bending moment at the base of the reference column:
• The THA-X results of Models 1 and 3 are slightly larger than the corresponding RSA-X results of about 7%–8% for the above-mentioned response parameters.
• The THA-X results of Models 2, all-X and all-Y are slightly larger than the corresponding RSA-X results of about 4%–5% for the above-mentioned response parameters.
• The THA-X results of Model 4 are slightly larger than the corresponding RSA-X of about 2% for the above-mentioned response parameters.
• For the 3D Model, the THA-X values are substiantially equal to the RSA-X values.
Regarding the top-storey displacement of the reference column:
• The differences between RSA-X and THA-X results are slighlty larger than the ones observed for the other response parameters, reaching values of about 10% for Models 3 and all-Y.
• For the 3D model, the THA-X value is 3% larger than the RSA-X value.
Regarding the top-storey acceleration of the reference column:
• The highest top-storey accelerations are provided by the 3D model. Model 1 provides acceleration values similar to those of the all-X model.
• The differences between RSA-X and THA-X results are larger than the ones observed for the other response parameters, reaching values of about 15% for all models.
• The largest difference is observed for the 3D model, where the THA-X value is 18% larger than the RSA-X value.
Eventually, Figures 15A,B show the floor accelerations in both X- and Y-directions obtained from time history analysis for all models of the 6-storey structure. The following observations can be made:
• In general, all models experience low accelerations at the bottom floors and high accelerations at the top floors.
• The 3D model displays very high acceleration values at all storeys. Moreover, it provides the highest top-storey acceleration values in both directions.
• Models 1 and 2 display acceleration values similar to, and often smaller than, those of the 3D model at all storeys.
• Models 3 and 4 display high acceleration values at floors where there are beams (namely, storeys 2, 3, 5, and 6 for Model 4 along the X-direction; and storeys 2, 3, 5, and 6 for Model 3 along the Y-direction).
• The all-X and all-Y models provide quite high acceleration values only at the 5th and 6th storeys, along the X- and Y-direction, respectively.
[image: Figure 15]FIGURE 15 | Storey accelerations for all models of the 6-storey structure: (A) peak values along the X-direction; (B) peak values along the Y-direction; (C) illustrative acceleration time-histories of Models 1, all-X and 3D for the 6-storey structure as subjected to the artificial accelerogram n. 1.
As illustrative example, Figure 15C reports the plots of the first 12 s of the 2nd storey acceleration time-history responses of Models 1, all-X and 3D of the 6-storey structure as subjected to the artificial accelerogram n. 1. A smoother response can be appreciated for Model 1 with respect to the more scattered ones of the all-X and 3D Models, due to the higher flexibility of Model 1. As already mentioned here above, the peak values of the Models 1 and 3D are close to each other.
CONCLUSION
The dynamic properties and seismic performances offered by RC spatial frame structures characterized by different beams distributions have been compared in this paper. In this theoretical study, linear analyses have been developed and several simplifying assumptions are adopted to allow for a first clear understanding of the fundamental differences induced by the various beams distributions, that would have been otherwise mixed up and/or hidden by consideration of several additional parameters necessary for refined modelling.
The results allow the following general observations to be made:
• 3D models exhibit affordable values of all response parameters and balanced behavior along both principal directions. However, total base shear and top-storey acceleration may reach high values.
• All-X and all-Y models show a good behavior (comparable to that of the reference 3D model) in their stiff direction along which the beams are positioned, whilst they lead to large displacements and interstorey drifts in their soft direction.
• Models having alternating beams every single storey behave in a relatively balanced way for all reference structures, but especially for the 6- and the 10-storey structures.
• Models having alternating beams every one and two storeys show almost unpredictable responses, that have to be considered on a case-by-case basis.
In conclusion:
• Two fundamental effects may be clearly recognized acting on the seismic response parameters: the period effect and the static scheme effect. The former acting basically on the base shear; the latter acting mainly on the base bending moment.
• For medium-rise buildings (e.g., 6-storey), the models characterised by beams alternating every single storey are characterised by uniform behaviour along the two directions and are not necessarily to be avoided a priori. Due to higher flexibility (balanced fundamental periods along the two directions which are 30%–40% larger than those of the reference 3D models), they lead to total base shear values that are roughly 30% smaller than those provided by the 3D model. Despite their unfavourable static scheme effect, they still show comparable values of bending moment with respect to the 3D model. Displacements and interstorey drifts are increased by about 50%, but accelerations are similar to, and often smaller than, those of the 3D model at all storeys.
This study has been conducted with a twofold objective: (i) to provide useful information for the seismic vulnerability assessment of existing buildings that can be sometimes characterised by unusual beams distributions, and (ii) to provide an original solution (model with primary beams alternating every single storey) to obtain a flexible, but overall balanced and almost feasible, frame structure for new medium-rise buildings to be designed, especially when fluid viscous dampers are envisaged and some structural flexibility could be helpful to enhance their mitigation of the seismic effects.
It is worth to end on a cautionary note: when seismic non-linear response of the specific structure at hand is expected, transposition of this idea into actual design should necessarily accounts for non-linear analyses including the specific features of the frame building and other aspects that were neglected on purpose in this first study, such as possible cracking of concrete, torsional response due to accidental eccentricity, higher modes effects, infill panels effects, etc.
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