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Abstract

:

In the current research, the elastoplastic behaviour of symmetrical and asymmetrical reinforced concrete buildings is explored by dynamic analysis. The used ground excitations are of sequential type, which is found in the literature to possibly strongly affect the dynamic structural behaviour. The contemporary seismic codes neglect the impact of sequential earthquakes on the seismic response, highlighting a scientific gap necessary to be studied. Within the scope of this study, ordinary 3D reinforced concrete low-rise building frames are forced to sequential ground excitations, as well as to a respective single-occurrence corresponding ground excitation, for comparability reasons. In the present dynamic analyses, the two horizontal directions of the excitations, along with the vertical one, are included in the analysis input. The nonlinear behaviour of reinforced concrete sections under strong strain is considered in the present analyses. The geometrical in-plan asymmetry of the 3D models is expressed by a simply defined ratio. Selected unitless resulting plots of the current dynamic analyses are presented and appropriately discussed given the relative geometrical asymmetry. The role of sequential ground excitations on the dynamic response is recognized, along with the role of simple geometrical symmetry or asymmetry, in the resulting response plots. Thus, useful conclusions are acquired, pointing to remarks on the geometrical structural design helpful for the development of recommendations of seismic provisions.
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1. Introduction


The geometrical symmetry/asymmetry of buildings is already reported to have an impact on the seismic response in studies in the literature, such as in Bento et al. [1]. Alongside that, various studies can be found on the nonlinear analysis of buildings by reinforced concrete (RC), which is within the current field of investigation, mainly involving the typical rigid base assumption as usually considered for the earthquake design of common building structures by the current Eurocode 8 (EC8) [2]. Indicatively, some similar research articles are mentioned, such as the state-of-the-art review conducted by Rutenberg [3], where the effect of in-plan building asymmetry on the nonlinear response was recognized and synthetically compared to the code assumptions and case studies. Das et al. [4] critically summarized various research investigations and code assumptions on the performance of asymmetric and irregular buildings, showing that more future research is necessary for the understanding of the response effect of bidirectional ground motions. The modification of internal forces was investigated in one-storey 2D asymmetrical reinforced concrete frames under a synthetic earthquake, comparing the frame response for the common rigid soil assumption and a flexible ground [5]. Asymmetrical 3D RC frames were forced to strong ground excitations, providing a response comparison for the boundary ground conditions, i.e., rigid ground or deformable ground [6]. The elastoplastic behaviour of reinforced concrete buildings was found to be altered because of the ground deformability, as in [7].



The applicable seismic provisions neglect sequential earthquakes’ influence on the structural response, which is obvious in some literature articles, as mentioned as follows. The impact of “core-wall” [8] systems on the structural stability regarding the torsion of asymmetric multi-storey reinforced concrete framed buildings are investigated by Xing et al. [8]. Hatzigeorgiou and Beskos [9] have proposed estimated numerical ratios for the ratio of nonlinear displacement of a simple 1D model under repeated earthquakes. In a further in-depth study of the effect of multiple earthquakes, Hatzigeorgiou [10] proposed behavioural factors for corresponding nonlinear structures and presented spectra for the ductility demand concerning simple models under these earthquakes [11]. The influence of seismic sequences on RC irregular-in-height buildings was investigated in 2D conditions by Hatzigeorgiou and Liolios [12] and in 3D conditions by Hatzigeorgiou and Hatzivassiliou [13]. Lazaridis et al. [14] investigated a 2D building model based on [12] by using algorithms for machine learning to predict structural damage under seismic sequences.



Concerning structures constructed not only by reinforced concrete but other materials, or even more complex and non-ordinary structures under sequential earthquakes, there are some research articles available in the literature, as indicatively given here. The effect of sequential earthquakes on 2D steel frames was studied by “incremental dynamic analysis” [15]. The sensitivity of a real existing RC building case with masonry infills was examined by nonlinear time history (NLTH) analyses under seismic sequences by Mahat et al. [16]. Frames by reinforced concrete supplied with extra damper columns were subjected to seismic consequences by Fujii [17], employing NLTH analyses to highlight the influence of the added damper. Konstantakopoulou et al. [18] studied the dynamic response of jacket platforms under multiple earthquakes in 3D conditions, comparing the common rigid soil assumption to a flexible ground.



In addition, the direction of the earthquake motion is recognized to have an impact on the structural response in a range of research articles, mostly considering rigid soil by using global quantities for the assessment of the response outcomes [19,20,21,22,23,24,25]. A few works have also considered the soil deformability on the response of RC buildings while regarding a changeable angle of the earthquake direction [5,6,7]. The aforementioned research works have indicated the most detrimental structural response from the perspective of the earthquake direction.



The present research aims to highlight the effect of a geometrical simple symmetry or asymmetry in-plan of RC common buildings in the 3D space. This symmetry/asymmetry is expressed by unitless parameters, similar to Refs. [5,6,7]. These reinforced concrete frames are analyzed by NLTH analyses considering multiple ground excitations with various incidences, which are not included in the applicable seismic regulation [2], although their response effect is identified, as previously mentioned [8,9,10,11,12,13,14,15,16,17]. In addition, the considered excitations include a single event for comparison purposes of the response results. The NLTH analyses are preferred here due to providing greater accuracy of results, though being more demanding in computing power and time [26], as well as needing a large number of accelerograms [2], among other aspects. The assessment of the elastoplastic response outcomes is based on general response ratios while using a dimensionless simple ratio to account for the geometrical symmetry/asymmetry of the reinforced concrete building frames.




2. Considered RC Buildings and Methodology


Simple low-rise 3D RC one- and three-storey small-size buildings are currently forced to sequential earthquakes by nonlinear time history analyses. In the initial stage, 1-storey RC frames are investigated, with a height of 4.0 m consisting of 1 RC slab with dimensions 5.0 × 4.0 m2, a thickness of 15 cm, and a considered diaphragm action. This RC slab rests on 4 perimetric reinforced concrete beams with a 25 × 60 cm2 cross-section and 4 RC columns, each at the in-plan corners (Figure 1). The 3 columns have an invariable cross-section of 40 × 40 cm2. The cross-section of one column, called “wall” in the current work, varies from 40 × 40 cm2, as in Figure 1a, up to 30 × 200 cm2, as in Figure 1b. Thus, in this way, the geometrical in-plan asymmetry of the 3D 1-storey RC buildings is induced.



Afterwards, similar three-storey buildings are formed (Figure 2), with their first storey the same as the one-storey frames. The 2nd and 3rd storeys of the 3-storey buildings are similar to the 1st one, with a floor level 3.0 m over the 1st storey. The 3 columns of the 2nd and 3rd storeys have an invariable cross-section equal to 35 × 35 cm2, while 1 column, referred to here as “wall”, has an in-steps-increasing cross-section from 35 × 35 cm2 up to 30 × 200 cm2, introducing the in-plan asymmetry, as previously mentioned in the 1-storey frames. The beam cross-section is invariable at 25 × 60 cm2 in the 1-storey and all storeys of the 3-storey buildings. The slabs of the 3-storey 3D framed buildings have a thickness of 15 cm acting as rigid diaphragms.



The structural members are made of reinforced C20/25 with steel type B500c, which is typical for common low-rise buildings. The buildings are designed to conform to the current codes [2,27] as ordinary buildings for domestic and residential activity areas with 1.0 as the considered importance factor. The slab loading consists of a permanent load of 2.0 kN/m2 and a moving load of 0.6 kN/m2 [28]. A wall dead load of 3.6 kN/m2 (per wall height) is utilized upon the beams [28]. The RC building frames are seismically designed for a ductility class medium (DCM) and the common inflexible ground assumption [2] considering the rule of “capacity design” [2,27] of joints and members against shear [2] (Figure 3). The seismic design considerations following the guidelines of [2] are zone ground acceleration of 0.36 g, a type 1 design spectrum, a 5% ratio of viscous damping, C type of soil, and the estimated “behaviour factor” by [2] for each building case. The seismic design combinations include the 30% guideline and the “accidental eccentricity” of 5% [2]. Due to the current study on the response of common small, framed structures with the perspective of simple geometrical symmetry or asymmetry, the possible effect of soil deformability is neglected here [2].



The current investigation considers five sequential ground motions in the 3D space as follows: the excitation of “Chalfant Valley” [29], in 1986, consisting of 2 single seismic events; the excitation of “Coalinga” [29], in 1983, consisting of 2 single occurrences; the excitation of “Imperial Valley” [29], in 1979, by 2 single occurrences; the excitation of “Mammoth Lakes” [29], in 1980, by 5 single occurrences; and the excitation of “Whittier Narrows” [29], in 1987, by 2 single occurrences. The ground acceleration data are downloaded by [29] and indicatively plotted in Figure 4 for the most intense horizontal direction. Between two subsequent seismic occurrences of each considered ground excitation, a time frame of 100 s is applied with 0.0 values of the excitation input to conciliate the building vibration due to damping, following the method of Refs. [9,10,11,12,13].



For comparison purposes of the possible effect of multiple ground excitations to a single one, the 3D buildings are also subjected to the 1st part of the Mammoth Lakes earthquake, as shown in Figure 4d, which is noticed in the time frame of 0–50 s of the respective accelerogram and called here “Mammoth-1st”. Indicatively, for the whole Mammoth Lakes earthquake, the maximum ground accelerations are 4.332 m/s2 and 4.086 m/s2 in the horizontal orientation and 3.807 m/s2 in the vertical one, which coincide with the maximum observed values for the 1st part of the Mammoth Lakes earthquake.



The earthquake incidence angle is shown in the available literature to affect the structural response, as previously mentioned [21,22,23,24,25]. In the current analyses with a basis on the shape plan of the examined buildings, the chosen angles of the direction of the earthquakes are θ = 0°, θ = 90°, and θ = 45°, which are, respectively, parallel to the two horizontal geometrical axes (Figure 3) and close to the geometrical diagonal axis.



The dynamic analyses of the investigated structures are accomplished by ETABS [30] considering the nonlinear behaviour of RC members, i.e., elastic under low loading and plastic under strong/extreme burdening conditions. Consequently, at the structural component ends, elastoplastic point hinges are applied, integrating the main characteristics of interest according to the guidelines of [31,32], such as geometrical features, material quality, sectional detailing, strength mechanical limits, reduced stiffness, limit bending moments, limit curvature, and plastic chord rotation angles. In addition, a potential weakness in the shear of RC sections is assessed, complying with the guidelines of [2,27,33].




3. Structural Results and Discussion


The NLTH analyses of outcomes considering sequential earthquakes in 3D conditions are evaluated by appropriate parameters and discussed here. The simple geometrical asymmetry induced in the investigated 3D models involves the comparative symmetry or asymmetry of the structural columns in terms of cross-section and stiffness, numerically expressed here by the numerical division of the wall section to the column one, giving the so-called “A-ratio”.



Through modal analysis [34] of the considered 3D models performed by ETABS [30], the modal characteristics are obtained. The modal periods of the three important modes are presented for each building in the following Table 1. In the spectra of the considered earthquakes, the fundamental mode of the examined buildings is depicted for evaluation of the diagrams by vertical lines with grey colour (Figure 5 and Figure 6). As observed in Figure 5a, the fundamental mode of the one-storey buildings is near the widest spectrum range of values in the horizontal direction [2], as well as to the greatest range of the Chalfant Valley spectrum. The spectra of the regarded seismic sequences are relatively close to the design spectrum [2], so these are considered appropriate for the current investigation.



Selected plots of the “interstorey drift ratio” (“IDR”) [33] on each storey of the 3D buildings are presented in comparison to the “performance levels” [35] limitations, which are indicated for reading ease concerning RC frames: 1% for the “Immediate Occupancy” (“IO”) [35] level, 2% for the “Life Safety” (“LS”) [35] level, and 4% for the “Collapse Prevention” (“CP”) [35] level. Additionally, diagrams for the residual IDR (RIDR) are presented compared to the RIDR limits of [35], which are negligible for the “IO” level, 1% for the “LS” level, and 4% for the “CP” level. In addition, plots of the “ratio of the peak floor acceleration to the peak ground acceleration” (“PFA/PGA”) [36] are given to assess the nonlinear structural response, although respective limit values do not exist in the literature. In the following plots, each earthquake is followed by the value of the respective incidence angle. The plots of dimensionless parameters are preferred in the current investigation to provide more objective remarks and conclusions.



The nonlinear behaviour of the reinforced concrete elements is checked by coloured notations at the hinges of the element ends, following the recent code provisions where these letters are used: “A” [30] indicates the elastic behaviour of the RC section [2,27,33], “B” [30] indicates the “yielding bending moment” [2,27,33], “C” [30] is for the ultimate yielding bending moment [2,27,33], “D” [30] is for the “residual bending moment limit” [2,27,33], and “E” [30] indicates bending moments over the previous limits and deformations over the ultimate deformation limit [2,27,33,37]. These mentioned necessary limits are inserted in the analysis model through the aforementioned properties of the elastoplastic hinges, as calculated by [31,32,33]. Due to lack of space, the most detrimental diagrams of the seismic structural response are presented as follows.



3.1. Comments on the One-Storey Structures


For the one-storey RC buildings, the IDR-X with θ = 0° decreases along with an increase in the A-ratio, as shown in Figure 7a, where greater values are noted for the “Chalfant Valley” earthquake with a range of 0.9%~1.4% within the limit of the LS performance level [35]. The IDR-X for Mammoth Lakes and θ = 0° (Figure 7a) decreases variably for greater values of the A-ratio in the range of 0.6%~0.81%, while for the Mammoth-1st, there are decreases in the range of 0.38%~0.69%, within the limit of the IO performance level [35].



The IDR-Y with θ = 45° (Figure 7b) varies in the range of 0.38%~1.77%, within the limit of the LS performance level [35], where greater values are observed for the Chalfant Valley earthquake and smaller ones for the Whittier Narrows, similarly to the IDR-X plot, θ = 0°. The IDR-Y values for the Mammoth-1st strong ground motion and θ = 45° vary along with a greater A-ratio in a range of values that are 28%~35% smaller than the respective one for the Mammoth Lakes earthquake for an A-ratio ≥ 2.34 (Figure 7b). The discontinuity of the IDR plotline (Figure 7a,b) for the symmetrical building for the Chalfant Valley earthquake with θ = 0° and θ = 45° indicates building failure due to deformations much higher than the limits of [35], which complies with the observations for the earthquake spectra in Figure 5.



For comparison purposes, in Figure 8, the IDR plots for θ = 90° are presented concerning both horizontal axes. The IDR-X tends to decrease for all earthquakes with an increase in the A-ratio, showing, in general, a value range of 0.2~1.4%, within the LS level [35] (Figure 8a). The IDR-Y varies with a small increasing tendency for greater A-ratios, (Figure 8b) in the range of 0.4%~1.9%, within the LS level [35] (Figure 8b). The IDR-X tends to have values for the Mammoth-1st excitation that are similar to the whole Mammoth Lakes earthquake by a mean percentage in the X-axis (Figure 8a). However, the IDR-Y has smaller values for the Mammoth-1st compared to the whole Mammoth Lakes earthquake by up to 29% for the biggest wall section (Figure 8b). The greatest IDR-Y values tend to be greater than the respective ones of IDR-X by a mean percentage of 29% (Figure 8a,b). Among the considered earthquakes, greater IDR values are observed for the Chalfant Valley earthquake and the Coalinga earthquake and smaller IDR values for the Whittier Narrows earthquake (Figure 7 and Figure 8).



The RIDR-X with θ = 0° (Figure 9a) decreases variably in the value range of 0.01%~0.39% for an A-ratio ≤ 2.34 and increases for bigger wall sections to 0.002%~0.17%, i.e., presenting a general value range within the limit of the LS performance level [35]. As presented in Figure 9b, the RIDR-Y with θ = 45° varies 0~0.46% within the limit of the LS performance level [35]. In Figure 9a,b, greater values tend to be observed for the earthquake of Chalfant Valley than the other earthquakes. The values of the plotline of Figure 9b for the Mammoth-1st tend to be smaller by 38%~41% than the values for the entire Mammoth Lakes earthquake.



The PFA/PGA on the X-axis with θ = 90° is observed in Figure 10a to increase for bigger A-ratios with a value field up to 2.56~4.52 regarding the highest wall section. The PFA/PGA-Y with θ = 45° (Figure 10b) increases up to 2.25~4.38 for the maximum wall section. In Figure 10a,b, the PFA/PGA presents a bigger range for the Imperial Valley excitation in comparison to the rest. The values of the plots of Figure 10 for the Mammoth-1st tend to be slightly smaller by 7~8% than the values for the entire Mammoth Lakes earthquake for greater wall sections. In Figure 9 and Figure 10, the gap of the plotline for the Chalfant Valley earthquake represents building failure for this earthquake, noticed similarly to previous plots.



Concerning the one-storey symmetrical model (Figure 11a,b), the hinge formation is within limit C [35], which is acceptable by the guidelines of current seismic codes. For the Mammoth-1st with θ = 90°, as in Figure 11a, the hinges tend to behave nonlinearly within the limits of [1,35]. For the Whittier Narrows with θ = 90°, as in Figure 11b, most elements tend to exhibit elastic behaviour.



For the one-storey asymmetrical buildings, as presented in Figure 12 and Figure 13, the hinge formation is within the code limitations [1,35]. Indicatively, for the one-storey frame with the 150/30 cm wall, the worst hinge formation is observed for Chalfant Valley with θ = 0°, as in Figure 12a, and the most beneficial hinge formation is observed for the Whittier Narrows earthquake with θ = 45° (Figure 12a). For the one-storey framed model with the maximum wall section, i.e., 200/30 cm, the worst formation of elastoplastic hinges is presented in Figure 13b, still within the C limit, for the Coalinga earthquake with θ = 0°, and the most beneficial one is shown in Figure 13c for the Whittier Narrows earthquake with θ = 0°.




3.2. Comments on the Three-Storey Structures


Concerning the 3-storey framed structures, on their 1st storey (Figure 14a) the IDR-X with θ = 90° decreases for an A-ratio ≤ 2.34 and variably increases for bigger wall sections. More specifically for the Chalfant Valley θ = 90° and Imperial Valley θ = 90°, the IDR-X decreases for an A-ratio ≤ 2.34 in the value range of 1.1%~1.7%, i.e., within the limit of the LS performance level [35]. For the greater wall section with A-ratio = 3.28, the IDR-X is 1.35% concerning the Chalfant Valley with θ = 90° and 0.85% for the earthquake of Imperial Valley with θ = 90°. For the earthquakes of Coalinga, Mammoth Lakes, and Whittier Narrows with θ = 90° (Figure 14a), the IDR-X varies in the range of 0.3%~0.8%, i.e., within the limit of 1% corresponding to the IO performance level [35]. The gaps in the plotlines of Figure 14a represent building failures for these building cases under sequential excitations.



As in Figure 14b, at the 1st storey of the 3-storey structures, θ = 45°, the IDR-Y varies in the range of 0.5%~2.03% for the examined earthquakes, with bigger values for the Chalfant Valley earthquake and lower ones for the Whittier Narrows earthquake. Similarly to Figure 14a, the gaps in the plotlines of Figure 14b represent building failures due to extreme seismic response deformations, noticed mainly for the wall sections of 150/30 cm and 200/30 cm for the sequential earthquakes. Additionally, in Figure 14b, the IDR plotline of Mammoth-1st is continuously shown, in contrast to the plotline of the Mammoth Lakes sequential earthquake. The latter observation implies a negative impact of the sequential excitations on the seismic response compared to single-event excitation.



At the 2nd storey of the 3-storey RC structures, the IDR-X with θ = 90° increases variably with an increase in the A-ratio, as observed in Figure 15a. A bigger value range of IDR-X (Figure 15a) is observed for the Chalfant Valley, as 1.7%~2.1%, which is slightly over the limit of LS and within the CP performance levels [35]. The smaller value range of Figure 15a is noticed for the Whittier Narrows with θ = 90°, as 0.3%~0.5%, within the limit of the IO performance level.



As in Figure 15b, at the 2nd storey of the 3-storey RC structures, the IDR-Y varies for greater A-ratios in the range of 1.3%~1.9% for the Chalfant Valley and Imperial Valley earthquakes with θ = 45°. The IDR-Y for the earthquakes of Coalinga, Mammoth Lakes, Mammoth-1st, and Whittier Narrows, all with 45°, is observed in Figure 15b to vary, slightly increasing for greater values of the A-ratio in the range of 0.5%~0.9%.



At the 3rd storey, as in Figure 16a,b, the IDR-X and IDR-Y axes increase variably for greater A-ratios within the LS performance level [35]. The IDR-X shows in Figure 16a greater values for the earthquake of Coalinga with θ = 0° in the range of 1.4%~1.7% and smaller values for the Mammoth-1st with θ = 0° in the range of 0.7%~0.8%. The IDR-Y (Figure 16b) has increased values for the Coalinga earthquake with θ = 90° up to 1.6% for A-ratio = 3.06 and has a maximum value of 1.8% for A-ratio = 4.29 for the Chalfant Valley earthquake with θ = 90°. At the 2nd and 3rd storeys, the results of the NLTH analyses for the cases of A-ratio = 3.67 and A-ratio = 4.89 are not plotted in Figure 15 and Figure 16 due to building failure, as similarly observed in previous plots, for the sequential ground motions. However, for the excitation of Mammoth-1st, the response results are plotted in previous Figure 14, Figure 15 and Figure 16, despite the building failures of the corresponding sequential earthquake of Mammoth Lakes.



The greater IDR-X values at the 1st storey are 15% lower than the respective ones at the 2nd storey, while a similar range of IDR-X values exists for 3rd and 1st storeys. Maximum IDR-Y values on the 1st storey are higher by 5% compared to the 2nd one and by 20% compared to the 3rd storey. The IDR-X and IDR-Y values at all storeys are within the limits of the performance levels [35].



Concerning the RIDR-X plot θ = 0° (Figure 17a) at the 1st storey, the general range of plot values is within the LS performance level [35]. However, in Figure 17a, local increased values up to 0.66% of RIDR-X are observed for the symmetrical building case. For A-ratio = 1.31~2.34, the RIDR-X varies in the range of 0~0.26%. The RIDR-X plotlines are discontinued for A-ratio = 2.81 and A-ratio = 3.75 because of building failure for these cases for the sequential excitations due to extreme response deformations much greater than the upper limits of the performance levels [35], similar to previous figures.



At the 1st storey, the RIDR-Y with θ = 90° shows small values in the range of 0~0.29%, within the LS level [35] for all wall sections (Figure 17b). Gaps in the RIDR-Y plotline of Figure 17b represent building deficiency for A-ratio = 2.81 and A-ratio = 3.75, similar to Figure 17a. Greater RIDR-Y values tend to be observed for the Chalfant Valley earthquake and smaller ones for the Whittier Narrows earthquake (Figure 17b). For the Mammoth-1st excitation, the RIDR-X with θ = 0° varies in the range of 0~0.3% and the RIDR-Y, θ = 90°, varies in the range of 0~0.28% for all wall sections (Figure 17a,b), while building failures are not observed for this excitation in contrast with the entire Mammoth sequential excitation.



The RIDR-X at the 2nd storey, θ = 0°, presents a value range of 0~0.4% within the LS level [35] with higher values for the Chalfant Valley earthquake (Figure 18a). Relatively small values of RIDR-X, less than 0.07%, are observed for the excitations of Whittier Narrows and Mammoth-1st (Figure 18a).



At the 2nd storey, the RIDR-Y, θ = 45°, varies in the range of 0~0.25% (Figure 18b), with higher values for the Chalfant Valley earthquake and lower ones for the Whittier Narrows earthquake. The plotlines of RIDR-X and RIDR-Y are discontinued for specific wall sections, i.e., A-ratio = 2.81 and A-ratio = 3.75, due to building failure for the sequential excitations, as previously shown.



At the 3rd storey, the RIDR-X, θ = 0°, increases variably for greater wall sections in the range of 0~0.4% (Figure 19a), within the LS level [35]. At the same storey, the RIDR-Y, θ = 45°, increases variably with a greater A-ratio in the range of 0~0.25%, which is included in the LS level [35]. Similarly to the lower storeys, gaps in the RIDR plotlines are noticed for the specific wall sections, 150/30 cm and 200/30 cm, due to building deficiency for the sequential excitations, while the results of the Mammoth-1st, which is the single-event excitation, are fully plotted, indicating no failure (Figure 19a,b).



The RIDR plots at the 1st storey (Figure 17) have a smaller general range of values by 50% in X and 30% in Y compared to the second (Figure 18) and third storeys (Figure 19), with the aforementioned exception of the symmetrical building. The RIDR plots in the 2nd and 3rd storeys have comparable values in the horizontal axes. Although the general plot values of RIDR (Figure 17, Figure 18 and Figure 19) are acceptable within the LS performance level [35], some local building failures are observed only for sequential excitations.



At the 1st storey, θ = 45°, the PFA/PGA-X shows greater values for greater wall sections with a narrow value field for all excitations in the range of 1.89~2.89 and a maximum value of 3.82 for the Mammoth Lakes excitation (Figure 20a). Smaller values of PFA/PGA-X are observed for the Mammoth-1st excitation (Figure 20a) and greater ones for the Whittier Narrows and Imperial Valley sequential excitations.



At the same storey, the PFA/PGA-Y plotlines increase variably with an increase in the A-ratio, in the range of 1.83~3.58 (Figure 20b), with lower values for the Mammoth-1st excitation and higher values for the Imperial Valley sequence. The discontinuities of the PFA/PGA-X and PFA/PGA-Y plotlines represent building failure for the wall sections of 150/30 cm and 200/30 cm for the sequential earthquakes, which is not observed for the single-event excitation of Mammoth-1st (Figure 20a,b).



At the 2nd storey with θ = 45°, the PFA/PGA-X increases for greater wall sections in the range of 1.48~3.4, with bigger values for the Chalfant Valley earthquake and lower ones for the Coalinga (Figure 21a). In Figure 21b, the PFA/PGA-Y varies with a slightly increasing tendency for greater wall sections up to 1.5~3.25, with maximum values for the Imperial Valley sequence and smaller ones for the Mammoth Lakes.



At the 3rd storey, the PFA/PGA-X, θ = 45°, increases almost linearly for greater A-ratios up to 2.1~4.6, with bigger values for the Chalfant Valley excitation and lower ones for the Coalinga (Figure 22a). On the Y-axis, for the same storey with θ = 45°, the PFA/PGA increases slightly for greater A-ratios up to 1.9~4.2 (Figure 22b), showing bigger values for the Imperial Valley earthquake and smaller values for the Mammoth-1st excitation.



The PFA/PGA-X plot presents a higher range at the 2nd storey by 15% in reference to the 1st one and by 25% at the third storey referenced to the second one (Figure 20a, Figure 21a and Figure 22a). The PFA/PGA-Y plots show 11% lower values at the second storey in reference to the first one and 26% higher values at the third storey compared to the second one. Thus, the dimensionless peak floor acceleration ratio tends to increase strongly for higher storeys. At the plots of PFA/PGA at the horizontal axes of the 2nd and 3rd storeys (Figure 21 and Figure 22), gaps in the plotlines are observed for the greater wall sections, such as for 150/30 cm and 200/30 cm, similarly to the 1st storey (Figure 20a,b), indicating building failure due to extreme deformations much over the acceptable limits of the seismic performance levels [35], for the sequential excitations. Therefore, a tendency appears that buildings with wall sections bigger than the wall limit considering the seismic design by [2,27] are vulnerable to sequential excitations compared to single-event ones.



For the three-storey framed structures, the elastoplastic hinges tend to present behaviour acceptable by the limits of [2,27] for most wall sections for the cases of sequential earthquakes (Figure 23a,b, Figure 24a,b and Figure 25a–c), as well as for the single-event excitation of Mammoth-1st (Figure 23c and Figure 24c). Regarding the symmetrical three-storey building, more hinges tend to behave nonlinearly for the excitation of Chalfant Valley with θ = 0° (Figure 23a), less for the excitation of Mammoth Lakes with θ = 90° (Figure 23b), and even less for the single-event excitation of Mammoth-1st with θ = 90° (Figure 23c).



Concerning the symmetrical three-storey model with a wall section of 125/30 cm, similar hinge behaviour is presented for the earthquakes of Coalinga with θ = 0° and Mammoth Lakes with θ = 45°, where the hinges of the higher storeys tend to behave in a nonlinear way in contrast to the lower storeys (Figure 24a,b). For the three-storey structure with 125/30 cm wall section, regarding the Mammoth-1st excitation with θ = 45°, the majority of hinges tend to behave linearly (Figure 24c).



Regarding the three-storey frames with a wall section of 175/30 cm, more hinges are observed to behave inelastically for the Imperial Valley earthquake with θ = 45° and less for the Whittier Narrows earthquake with θ = 90° (Figure 25). Regarding the same frame, the nonlinear hinge behaviour tends to be observed at higher storeys, such as the building top and the top of the second floor, as well as at the column base (Figure 25), similar to previous plots (Figure 23 and Figure 24). Additionally, the shear limit of [35] was not overpassed at the hinges of the considered one- and three-storey buildings, following the guidelines of the regulations [2,27,35].





4. Conclusions


This research work aims to explore the elastoplastic behaviour of framed structures by reinforced concrete under sequential ground excitations, also considering one single-event ground excitation for comparison reasons. Low-rise one-storey and three-storey building models are analyzed by dynamic analysis. A simple geometrical cross-section ratio is used to account for the relative imbalance of the vertical members. The comparison of the dynamic results is performed through unitless quantities to offer more even-handed outcomes. Obviously, the role of symmetry or asymmetry is identified here regarding the performance of reinforced concrete framed structures forced to multiple ground excitations. Based on the present analysis findings, the following remarks are plausible.



	(a)

	
The IDR plot range tends to increase for greater wall sections while, in most cases, being within the acceptable limits of the seismic performance levels for RC structures.




	(b)

	
The RIDR response plots have general values in the tolerable limits of the current seismic codes. A variable plot RIDR is observed, tending to increase for bigger wall sections. The RIDR tends to generally decrease for higher storeys. However, local increased RIDR values may imply a building deficiency needing to be examined by the rest of the response parameters.




	(c)

	
The PFA/PGA ratio tends to increase for bigger wall sections, as well as for higher storeys, of the considered RC buildings.




	(d)

	
The elastoplastic hinge formation shows that more intense nonlinear hinge behaviour is observed at the building top and higher storeys of the RC three-storey buildings subjected to sequential earthquakes.




	(e)

	
The symmetrical one-storey RC buildings are vulnerable to sequential earthquakes as opposed to single-event ground excitation. Meanwhile, a similar sensitivity to sequential earthquakes is observed in the asymmetrical three-storey reinforced concrete framed structures with great wall sections, such as cross-sections exceeding the “wall” limitation of the applicable seismic regulations.




	(f)

	
The consideration of single-event excitation underestimates the dynamic response of the examined structures by showing smaller response quantities as compared to the ones for the corresponding sequential earthquake.




	(g)

	
The earthquake incidence angle of 45° appears to be more detrimental in the dynamic behaviour of the framed models compared to angles 0° and 90°, which are also important for consideration in the analysis.







The role of symmetry or asymmetry is found here to be important in the earthquake response of ordinary reinforced concrete framed models. Judging from previous remarks, a selection of wall sections smaller or even up to the “wall” limitation of the existing seismic regulations is suggested to enhance the resistance of reinforced concrete framed structures to sequential earthquakes.
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Figure 1. (a) Symmetrical and (b) asymmetrical RC one-storey buildings considered. 
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Figure 2. Considered three-storey (a) symmetrical and (b) asymmetrical RC buildings. 
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Figure 3. Models of the (a) one- and (b) three-storey considered framed structures with the global coordinate system and angle of incidence of the earthquake. 
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Figure 4. Ground acceleration data of the considered sequential earthquakes: (a) Chalfant Valley, (b) Coalinga, (c) Imperial Valley, (d) Mammoth Lakes, and (e) Whittier Narrows. 
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Figure 5. Compatibility check of the considered earthquakes to the code spectrum in comparison to 1st mode of 1-storey structures (a) in the horizontal directions and (b) vertical direction. 
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Figure 6. Compatibility check of the considered earthquakes to the code spectrum in comparison to 1st mode of 3-storey structures (a) in the horizontal directions and (b) vertical direction. 
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Figure 7. (a) IDR-X axis, θ = 0°; (b) IDR-Y, θ = 45. 
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Figure 8. (a) IDR-X axis, θ = 90°; (b) IDR-Y, θ = 90°. 






Figure 8. (a) IDR-X axis, θ = 90°; (b) IDR-Y, θ = 90°.
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Figure 9. (a) RIDR-X, θ = 0°; (b) RIDR-Y axis, θ = 45°. 
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Figure 10. (a) PFA/PGA-X, θ = 90°; (b) PFA/PGA-Y, θ = 45°. 
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Figure 11. Hinge formation for the one-storey symmetric framed structure regarding (a) Mammoth-1st with θ = 90° and (b) Whittier Narrows with θ = 90°. 
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Figure 12. Hinge formation for the one-storey framed structure with 150/30 cm wall section regarding (a) Chalfant Valley with θ = 0°, (b) Mammoth Lakes with θ = 0°, and (c) Whittier Narrows with θ = 45°. 
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Figure 13. Hinge formation for the one-storey framed structure with 200/30 cm wall section regarding (a) Coalinga with θ = 0°, (b) Imperial Valley with θ = 45°, and (c) Whittier Narrows with θ = 0°. 
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[image: Symmetry 15 00968 g013]







[image: Symmetry 15 00968 g014 550] 





Figure 14. (a) IDR-X, θ = 90°, and (b) IDR-Y, θ = 45°, 1st storey. 
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Figure 15. (a) IDR-X, θ = 90°, and (b) IDR-Y, θ = 45°, 2nd storey. 
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Figure 16. (a) IDR-X, θ = 0°, and (b) IDR-Y, θ = 45°, 3rd storey. 
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Figure 17. (a) RIDR-X, θ = 0°, and (b) RIDR-Y, θ = 90°, 1st storey. 
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Figure 18. (a) RIDR-X, θ = 0°, and (b) RIDR-Y, θ = 45°, 2nd storey. 
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Figure 19. (a) RIDR-X, θ = 0°, and (b) RIDR-Y, θ = 45°, 3rd storey. 
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Figure 20. (a) PFA/PGA-X, θ = 45°, and (b) PFA/PGA-Y, θ = 45°, 1st storey. 
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Figure 21. (a) PFA/PGA-X axis, θ = 45°, and (b) PFA/PGA-Y, θ = 45°, 2nd storey. 
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Figure 22. (a) PFA/PGA-X, θ = 45°, and (b) PFA/PGA-Y, θ = 45°, 3rd storey. 
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Figure 23. Hinge formation of the 3-storey symmetric frame; (a) Chalfant Valley with θ = 0°, (b) Mammoth Lakes with θ = 90°, and (c) the 1st part of Mammoth Lakes with θ = 90°. 
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Figure 24. Hinge formation of the 3-storey frame with wall section 125/30 cm for (a) Coalinga with θ = 0°, (b) Mammoth Lakes with θ = 45°, and (c) the 1st part of Mammoth Lakes with θ = 45°. 
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Figure 25. Hinge formation of the 3-storey frame with wall section 175/30 cm for (a) Coalinga with θ = 45°, (b) Imperial Valley with θ = 45°, and (c) Whittier Narrows with θ = 90°. 
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Table 1. Fundamental modal periods of the studied buildings.
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Dimensions of the Wall (cm/cm)

	
One-Storey Buildings

	
Three-Storey Buildings




	
Mode

	
Period (sec)

	
Mode

	
Period (s)






	
40/40

	
1

	
0.528

	
1

	
1.082




	
2

	
0.511

	
2

	
1.047




	
3

	
0.475

	
3

	
0.965




	
70/30

	
1

	
0.564

	
1

	
1.125




	
2

	
0.501

	
2

	
1.04




	
3

	
0.441

	
3

	
0.901




	
100/30

	
1

	
0.542

	
1

	
1.076




	
2

	
0.495

	
2

	
1.014




	
3

	
0.4

	
3

	
0.814




	
125/30

	
1

	
0.511

	
1

	
1.028




	
2

	
0.489

	
2

	
1.0




	
3

	
0.356

	
3

	
0.782




	
150/30

	
1

	
0.503

	
1

	
1.016




	
2

	
0.484

	
2

	
0.992




	
3

	
0.323

	
3

	
0.693




	
175/30

	
1

	
0.498

	
1

	
1.007




	
2

	
0.48

	
2

	
0.984




	
3

	
0.296

	
3

	
0.636




	
200/30

	
1

	
0.493

	
1

	
1.007




	
2

	
0.473

	
2

	
0.986




	
3

	
0.271

	
3

	
0.699
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