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Abstract: Nowadays, an extensive number of studies related to the performance of base isolation systems implemented in regular reinforced concrete structures subjected to various types of earthquakes can be found in the literature. On the other hand, investigations regarding the irregular base-isolated reinforced concrete structures’ performance when subjected to pulse-like earthquakes are very scarce. The severity of pulse-like earthquakes emerges from their ability to destabilize the base-isolated structure by remarkably increasing the displacement demands. Thus, this study is intended to investigate the effects of pulse-like earthquake characteristics on the behavior of low-rise irregular base-isolated reinforced concrete structures. Within the study scope, investigations related to the impact of the pulse-like earthquake characteristics, irregularity type, and isolator properties will be conducted. To do so, different values of damping ratios of the base isolation system were selected to investigate the efficiency of the lead rubber-bearing isolator. In general, the outcomes of the study have shown the significance of vertical irregularity on the performance of base-isolated structures and the considerable effect of pulse-like ground motions on the buildings’ behavior.
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1  Introduction

Reinforced concrete (RC) structures are vulnerable to both structural and non-structural components during severe earthquakes, whereas the case of irregular RC structures exhibits the greatest damage [1–3]. The irregularity can be the result of exceeding the margins indicated in seismic design codes due to practicality and design conditions [4]. Hence, the utilization of seismic control systems in RC structures is a priority to protect the structure under intense earthquakes [5]. Indeed, implementing a base isolation system in the structure is considered one of the approaches to decreasing structures’ responses, including displacement and acceleration [6]. Using such a system, structure protection under earthquakes is performed by decoupling the building from the earthquake motion and thus limiting the seismic responses [7]. However, there are different optimization techniques and approaches such as the utilization of an adaptive harmony search algorithm which can be implemented to optimize the design of seismic base isolation systems [8]. The algorithm iteratively generates new candidate solutions by combining the best solutions from the current population with new solutions generated by random perturbations. Another novel structural engineering method used for enhancing the resistance of structures against seismic forces is the incorporation of seismic performance upgrading of containment structures using a negative-stiffness amplification system which works by introducing a flexible, nonlinear component in the structural system to absorb and dissipate energy during the seismic event [9]. A different approach to improving the seismic mitigation of structures is the usage of inerter system which is a device that is used to reduce the dynamic response of structures by adding an additional mass-spring-damper system [10]. The long-period pulse of near-fault earthquakes can decrease the efficiency of the base isolation system, leading to instability in the structure [11]. Moreover, the development of overturning moments in the isolated structures causes possible tension in the rubber isolation bearings [10]. Based on that, the number of studies concerning the efficiency of the base-isolated structure subjected to near-fault pulse-like ground motions has improved considerably [12–15]. Mazza et al. [14] examined the effect of near-fault earthquakes on the behavior of RC structures with horizontal and vertical irregularity implemented with friction pendulum isolator. Additionally, Mazza [16] studied the influence of pulse-like earthquakes on the seismic behavior of L-shaped RC structures incorporated with sliding bearings elastomeric. Mazza et al. [17] investigated the extreme soft story case for structures utilized with a wide range of base isolation systems during near-fault pulse-like earthquakes. Nonetheless, the current state of the art is missing a study focusing on the efficiency of the base-isolations systems under pulse-like ground motions in relation to the effect of vertical irregular RC structures such as extremely soft-, heavy-, and stepped-story buildings. Thus, the influence of irregularity type and pulse-like earthquake characteristics on the efficiency and behavior of lead rubber-bearing isolators equipped with RC structures will be studied in this paper. To do so, an investigation of the effect of each irregularity type which are extremely soft-, heavy-, and stepped-story buildings, as well as an examination of the pulse-like records’ impact on the behavior and capability of lead rubber bearing isolator, will be conducted. Therefore, this paper aims to investigate the impact of short irregular RC structures and the characteristics of pulse-like earthquakes on the behavior of lead rubber-based isolators. Accordingly, the investigation of the irregularity case effect on the behavior of lead rubber bearings will be performed using finite element analysis, while the examination of the influence of pulse-like earthquake characteristics on the performance of lead rubber bearing will be conducted using statistical analysis software. In addition to that, the capability of lead rubber isolators as a seismic control system will be assessed. Based on that, the focus of attention of this study is to fill the gap in the current state of the art by evaluating the efficiency of isolated buildings implemented with lead rubber bearing under pulse-like ground motions.

2  Research Motivation and Significance

In recent years, the use of base isolation systems has become a common approach for reducing seismic responses of structures, including displacement and acceleration, during intense earthquakes. While numerous studies have investigated the performance of base isolation systems in regular RC structures under various types of earthquakes, investigations related to the performance of isolated RC buildings with irregularities when subjected to pulse-like records are scarce. The severity of pulse-like earthquakes is due to their ability to destabilize the base-isolated structure by significantly increasing the displacement demands. This research aims to investigate the effects of pulse-like earthquake characteristics on the behavior of low-rise irregular lead rubber isolated RC structures. The study will focus on the impact of pulse-like earthquake characteristics, irregularity type, and isolator properties on the seismic behavior of base-isolated structures. The outcomes of this study are expected to contribute significantly to the current knowledge of the performance of isolated buildings subjected to pulse-like ground motions, particularly in irregular RC structures. The findings will provide valuable insights into the significance of vertical irregularity on the performance of base-isolated structures and the considerable effect of pulse-like records on the behavior of the buildings.

3  Research Methodology

The general research methodology that is utilized in this article is given in Fig. 1. In general, three different vertical irregularities and one regular building were taken as the research objects in this study as shown in Fig. 2. In general, the innovation of the selected methodology is represented by the second and third steps which requires designing the vertically irregular structures and selecting the pulse-like ground motions. Other important steps include the nonlinear analysis in which the ground motion records were induced in the structures and the responses were obtained and compared.
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Figure 1: The research methodology used in this study
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Figure 2: Selected frame structures used in this study

The irregularities are irregularity in stiffness (extreme soft story), irregularity in geometry (stepped structure), and irregularity in mass (heavy story), will be thoroughly studied in this paper. The most prevalent vertical irregularity by far is the irregularity in stiffness (extreme soft story) which is frequently presented in the first story in cases such as double height first soft story and open floor. In general, extreme soft story irregularity results from low stiffness in one story compared to the other stories. Double height first soft story occurs when the columns of the first story possess lower stiffness in contrast to the other columns in the structure, which is attributed to the higher height of the first story or to the voidness of walls in the first story with respect to the other stories. The development of this irregularity arises from the ability of the flexible floor to absorb most of the energy in the structure, causing higher inter-story drift values in comparison to the rest of the rigid upper stories, which absorb the rest of the energy resulting in a discontinuity in stiffness between the flexible and rigid stories and hence potentially partial or total damage in the structure. Irregularity in geometry (stepped structure) is the result of the minimization of the lateral dimension of the structure compared to the height [1]. Stepped structure irregularity results from a reduction in the adjacent story of roughly 130% in comparison to the horizontal dimensions of the structure [18]. This irregularity is observed in the minimization of stiffness, mass, and strength, which is the effect of the sudden minimization of the story area in regard to the structure’s height [1]. Stepped structures subjected to pulse-like earthquakes tend to display vulnerability due to an increase in displacement and story drift causing instability in the structure [19]. The last irregularity is the irregularity in mass (heavy story) is the result of a reduction in the mass of the adjacent story of roughly 150% with respect to the mass of one story [20]. Heavy story irregularity is similar to the soft story in terms of displacement and story drift in the structure [21]. The development of this irregularity can be observed in any story in the structure, whether it is low, middle, or upper. The second story was selected to weigh 1.66 times more than the rest to generate mass irregularity for this study.

In this study, four different low-rise (three stories with three bays) RC 2D frames were selected, representing typical moment-resisting frames. Each structure was utilized with a lead rubber bearing isolator to evaluate the seismic performance and efficiency under pulse-like earthquakes by comparing each irregularity’s effect with the regular control model. The components of a lead rubber bearing isolator are laminated rubber layers, lead core, attachment, and stiffening steel plates; where attachment plates were inserted at the upper and lower sides of the isolator, while stiffening plates and rubber layers were used in an alternate way using vulcanization bonding. A highly flexible horizontal layer was implemented between the foundation and the base-isolated structure to neutralize the effect of the horizontal component of earthquakes from the structure since the stiffness of lead rubber bearing is determined by the direction of the bearings, where the vertical direction represents highly stiff bearing. In contrast, the horizontal direction represents a highly flexible one. The isolator was modeled using the bilinear hysteretic approach to include the behavior in nonlinearity determined by characteristic strength, post-elastic stiffness, and yield displacement. The basic equation of motion for a two degree of freedom base-isolated model can be expressed as defined in Eqs. (1) and (2).


(m+mb)u¨b+mu¨s+cbu˙b+kbub=−(m+mb)u¨g
(1)


mu¨b+mu¨s+csu˙s+ksub=−mu¨g
(2)

The inelastic seismic response of the structure equipped with a base isolation system was studied by modeling two degrees of freedom systems using finite element software (SAP2000). As a part, effective stiffness properties in accordance with ACI 318-19 were followed to conduct the linear elastic method via modeling the stiffness properties of the column and beam sections. In addition, an equivalent lateral force approach was performed to investigate whether the retrofitting is adequate according to the ASCE/SEI 7-16 code. To simplify the study, the same section size and reinforcements were utilized for all models to neutralize the effect of the structure’s period. On the other hand, the NIST GCR 17-917-46v3 guideline was followed for the nonlinear modeling of all models where the concrete model’s unconfined and confined compressive stress-strain behavior performed to represent the fiber section through Mander [22] approach. Furthermore, the tensile and compressive sections are defined using Park et al. [23] model to account for the reinforcement’s behavior. Simulation of the nonlinear behavior of the structural elements was performed using a concentrated hinge model to represent the column and beam sections as three fiber portions according to Kalantari et al. [24], which are the unconfined concrete cover, the confined concrete core, and the reinforcements. Nonlinear time history analysis was followed using SAP2000 [25], where the damping ratio at 1.5 and 0.25 multiplied by the first fundamental mode period was 2.5% calculated to investigate the efficiency of lead rubber bearing isolator at the damping ratios of 15%, 20%, and 25%. Simulation of the beam to column joint and the P-delta effects were considered in the analysis. PEER was used to select a suit of 16 actual pulse-like earthquake records where different scaling methods, such as ACT [26] and ASCE [27], and the MSE method were investigated as done by Michaud et al. [28]. It was found that the MSE method reflected the best performance in regard to the rest of the scaling approaches and hence was selected in this study to scale the earthquake signals between 0 and 5 s, as depicted in Fig. 3. A single scale factor for each earthquake record was calculated then a modification factor of the scale factors was computed to minimize the MSE between the average and reference spectrums of the earthquake records to produce a matching results between both spectrums for the range of periods selected. It can be seen from Fig. 3 that the target spectrum and the mean one match each other over the periods between 0.01 and 5 s which means that the scale factors computed are suitable for the analysis of the investigated structures. Finally, to consider the free vibration influence, 15 s of zeroes were added at the end of each earthquake record [29].
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Figure 3: Targeted spectrum vs. the mean one for the selected ground motion records

4  Analysis Results

The seismic demand of base-isolated RC structures experienced a decrease with all damping ratios for both positive and negative directions, as illustrated in Fig. 4. Regarding positive direction, the heavy story and regular structures showed the highest base shear results for the case of the bare structure, while the soft story case reflected the lowest values. The same results of base shear were observed in the negative direction, where heavy story irregularity demonstrated the highest results and soft story irregularity exhibited the least. In fact, the highest reduction in base shear for all damping ratios was the heavy story case, while the soft story showed the lowest reduction. Implementing a lead rubber bearing isolator proved its effectiveness and efficiency in decreasing the shear forces at the base for all cases, where the values at 15%, 20%, and 25% damping ratios were observed to be similar. However, the 25% damping ratio showed the highest minimization of base shear for all models in both directions.
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Figure 4: Mean base shear of the investigated structures

Regarding the base isolation system, Table 1 shows that the increase in damping ratio was accompanied by a decrease in the base shear results where the damping ratio of 15% exhibited the peak succeeded by 20% and 25%, respectively. In general, the performance and efficiency of the base isolator were determined depending on the difference between the values of base shear in the case of a bare structure in regard to the base-isolated case, where the smaller the difference, the lower efficiency and performance of the isolator. Based on that, the isolator reflected the best efficiency in the case of heavy story case compared to the soft story one, which represented the lowest efficiency in base shear. The severity of soft story on the lead rubber performance arises from the decrease in stiffness resulting in an increase in the structure’s period. Hence, a diminishment in the isolator’s efficiency was recorded compared to other irregular models [30,31].
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Soft story structure displayed the highest roof displacement values in both bare structure and base-isolated cases, where the highest value was recorded at 0.2 in the positive direction and −0.2 in the negative direction, as illustrated in Fig. 5. On the other hand, the lowest roof displacement results were observed in the case of stepped structure for both bare and base-isolated cases. Accordingly, the soft story experienced the highest decrease in roof displacement, while the stepped structure experienced the lowest. Generally, lead rubber bearings showed considerable efficiency in minimizing roof displacement response for all base-isolated cases at all damping ratios. On the other hand, the highest drop in roof displacement was observed at a 25% damping ratio for all structures in both directions.
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Figure 5: Mean roof displacement of the investigated structures

In the case of base isolation, an inversely proportional relationship between the roof displacement response of base-isolated structures and the damping ratio was observed, where the damping ratio of 15% reflected the highest roof displacement values, followed by 20% and lastly 25% for all base isolated models as given in Table 2. The Soft story case is the most severe and drastic vertical irregularity for RC structures subjected to all types of earthquakes since it exhibited the highest roof displacement values, which follows the findings of other results, including reference [19] due to the fact that soft story case emerges from the drop in stiffness and thus in an increase in the period which compromises the performance of the bearing [30,31]. Despite that, the use of a lead rubber bearing isolator reflected the best performance for all cases at all damping ratios in the case of soft story irregularity, which showed the highest minimization of roof displacement results compared to the stepped structure, which experienced the lowest results where lead rubber was not effective. This is attributed to the impact of seismic intensity (PGA/PGV), where higher displacement is developed for base isolated structures compared to bare structures because of the low (PGA/PGV) ratios that significantly affect high-period flexible models in contrast with stiff ones. As a result, the effect of (PGA/PGV) ratios in the case of regular, heavy, and stepped cases was considerably noticed compared to the extremely soft story, where the effect of (PGA/PGV) ratios was low because of the reduced stiffness in soft story yielding stiffer structure.
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Stepped structure case exhibited the highest roof acceleration results in both bare and base-isolated structures, while soft story irregularity experienced the lowest roof acceleration results, as represented in Fig. 6. Based on that, the highest roof acceleration reduction was seen in the stepped structure, whereas the soft story structure showed the lowest reduction. Using a lead rubber bearing isolator demonstrated efficiency and effectiveness in dropping the roof acceleration for all cases in all damping ratios. Regardless of that, the 25% damping ratio displayed the peak reduction in this response for all models in positive and negative directions.
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Figure 6: Mean absolute roof accelerations of the investigated structures

On the contrary, the values of roof acceleration of base-isolated models (Table 3) were inversely proportional to the damping ratios, where an increase in the damping ratio accompanies any reduction in the roof acceleration. Lead rubber bearing isolator proved to be highly efficient at all damping ratios in the case of stepped structure, while soft story irregularity showed the least efficiency among all models. This is because the soft story case experiences a decrease in stiffness and an increase in the structure’s period compared to other vertical irregularities. Lastly, the roof acceleration response of the base-isolated irregular RC structures was not influenced by the PGA/PGV ratio. Table 4 shows the input energy of the investigated buildings.
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Lead rubber bearing isolator showed efficiency and effectiveness in decreasing the hysteretic energy and increasing the damping energy for all base-isolated structures at all damping ratios, as illustrated in Fig. 7. The damping energy, Table 5, of all base isolated models was directly proportional to the damping ratios, where any increase in the damping ratio increased the damping energy. Accordingly, a soft story structure incorporated with a lead rubber isolator exhibited the highest efficiency at all damping ratios, while heavy story irregularity reflected the lowest efficiency. However, the stepped structure with only a 25% damping ratio displayed comparable performance to the soft story, while other damping ratios of the stepped structure showed lower performance.
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Figure 7: Mean energy component of the selected structures
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The deployment of lead rubber bearing isolator in all RC structures demonstrated extraordinary efficiency and effectiveness in enhancing the damping energy and improving the dissipation capacity of base-isolated structures at all damping ratios, leading to safer structures subjected to catastrophic earthquakes, including pulse-like ones. As shown in Fig. 7, the damping ratio of 25% represented the highest damping energy values for all RC structures equipped with base isolators.

The hysteretic energy of all base isolated models was inversely proportional to the damping ratios, where the increase in the damping ratio is accompanied by a reduction in the hysteretic energy, as shown in Table 6 in good agreement with the results of other studies such as [9]. Furthermore, the damping ratio of 15% exhibited the highest hysteretic energy for all base-isolated structures, followed by 20% and 25%.
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The roof displacement response in the time domain for one earthquake record of the investigated buildings is depicted in Fig. 8. The response was compared for regular, soft-, heavy-, and stepped-story cases in the case of fixed and isolated bases. Additionally, the response was drawn for three cases of base isolated models which are 15%, 20%, and 25%. As can be seen, the highest roof displacement result was recorded in the case of the soft model followed by heavy and regular whereas the lowest roof displacement value was observed in the case of the stepped structure.
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Figure 8: Roof displacement in time domain for investigated structures

5  Discussion of Results

The present research seeks to address the knowledge gap regarding the performance of irregular RC buildings with base isolations subjected to pulse-like ground motions. These types of earthquakes are particularly problematic due to their ability to dramatically increase displacement demands, thus destabilizing base-isolated structures. The study’s primary objective is to investigate the effects of pulse-like earthquake characteristics on the performance of low-rise isolated buildings. Additionally, the research examines the impact of pulse-like earthquake characteristics, irregularity type, and isolator properties. Several factors contribute to the complexity of this research topic. Firstly, irregular structures often exhibit unique behaviors when subjected to seismic events, making them more susceptible to damage. Secondly, pulse-like earthquakes are characterized by their intense ground motion, which can significantly affect the performance of base-isolated structures. To address these challenges, the study utilizes a combination of nonlinear response history analysis and a systematic exploration of various damping ratios of the base isolation system. This approach allows for an in-depth assessment of the behavior of the lead rubber-bearing isolator under different earthquake scenarios. In general, the effects of the irregularity case on structural responses was found to be contingent on the particular response under investigation. The regular model was observed to yield the highest base shear results, whereas the soft story irregularity produced the greatest values of roof displacement. On the other hand, the stepped structure experienced the most substantial roof acceleration outcomes. Overall, the structural responses of base-isolated models displayed an inverse proportionality to the damping ratio, with the exception of the damping energy response, which exhibited a direct proportionality to the damping ratio. Among all reinforced concrete (RC) structures subjected to various earthquake types, the soft story irregularity reflected the highest absolute peak base shear as compared to heavy story irregularity and stepped structure cases. This is attributed to the minimization of stiffness in the first story, accompanied by an increased period of the structure, which ultimately compromises the efficiency and performance of lead rubber bearing isolators. Furthermore, soft story irregularity demonstrated the highest residual results across all damping ratios in comparison to heavy and stepped structures. Interestingly, the isolator’s varying damping ratios proved to be ineffective in terms of base shear response. All base-isolated irregular models’ absolute peak roof displacement values were found to be relatively similar and closely aligned. Additionally, the change in damping ratio exerted no influence on the roof displacement residual. The roof acceleration results of soft-, heavy-, and stepped-story structure cases were found to be akin and comparable. Nonetheless, the highest roof acceleration residual value was observed to be approximately 0.6 for the stepped structure case. The roof acceleration residual experienced no significant changes with the varying damping ratios. As for the peak input energy results, the stepped structure case displayed the highest values when compared to soft and heavy story cases. The different damping ratios, however, had no noticeable impact on the input energy. The three base-isolated irregular models showcased a random distribution of damping energy values, with no discernible change in the damping energy response due to the different damping ratios. The stepped structure irregularity exhibited the highest hysteretic energy compared to the soft and heavy story cases, owing to the fact that stepped irregularity arises from an increase in story drift and displacement, leading to the instability of structures during earthquakes. The literature offers a plethora of earthquake intensity indicators, such as PGA, PGV, and the PGA/PGV ratio. Despite this, the PGA/PGV ratio has been recommended for evaluating earthquake properties. Based on this suggestion, the PGA/PGV ratio was classified into three distinct groups. As noted in previous observations, long-period flexible structures were significantly affected by low PGA/PGV ratio values, while short-period stiff structures were substantially influenced by high PGA/PGV ratios. This study aligns with these findings, as base-isolated structures were more impacted by low PGA/PGV ratios compared to their bare counterparts.

6  Conclusion

This study has focused on evaluating the performance of isolated RC buildings subjected to pulse-like ground motions. Moreover, extreme soft-, heavy-, and stepped-story buildings were studied to investigate the influence of these vertical irregularities on the structural response of RC buildings under to pulse-like earthquakes. Accordingly, the following conclusions can be stated:

•   Lead rubber bearing isolator utilized with RC models showed high efficiency and effectiveness in minimizing the structural responses.

•   The investigated structural response changes the impact of irregularity type.

•   The damping ratio is inversely proportional to the hysteretic energy and directly proportional to the damping energy, where the increase in the damping ratio results in a decrease in the hysteretic energy and an increase in the damping energy.

•   The residual of all structural responses was not affected by the change in the damping ratio.

•   The severity of soft story irregularity was the highest regarding other vertical irregularities, which is attributed to the fact that soft story emerges from the decrease in stiffness accompanied by an increase in the structure’s period and hence diminishes the efficiency and behavior of lead rubber bearings.

•   Stepped structure irregularity displayed the lowest structural responses except for the roof acceleration.

•   The utilization of the PGA/PGV ratio as a parameter for evaluating the properties of earthquakes showed a remarkable impact on the performance of the base isolation system, where the base-isolated structures experienced higher displacement in comparison to bare structures due to the influence of the low values of PGA/PGV ratio.

In general, this study is limited to low-rise irregular base-isolated RC structures equipped using lead rubber isolators when subjected to pulse-like records. Further investigations can be conducted to explore the effect of other types of irregularities (e.g., plan irregularity) on the behavior of isolated buildings subjected to pulse-like earthquakes. The influence of other types of seismic control systems, such as friction pendulum systems, elastomeric bearings, on the inelastic performance of irregular isolated RC buildings can also be assessed in more detail. The present study focused on low-rise structures; hence, future research can explore the effect of vertical irregularity on the seismic behavior of tall structures.

Acknowledgement: Not applicable.

Funding Statement: The authors received no specific funding for this study.

Author Contributions: The authors confirm contribution to the paper as follows: study conception and design: A. M., A. Y.; data collection: A. Y., J. A.; analysis and interpretation of results: A. M., Y. A., I. M.; draft manuscript preparation: A. M., A. Y. All authors reviewed the results and approved the final version of the manuscript.

Availability of Data and Materials: The data that were used in this study are all available upon a reasonable request from the corresponding author.

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the present study.

References

1. Sarkar, P., Prasad, A. M., Menon, D. (2010). Vertical geometric irregularity in stepped building frames. Engineering Structures, 32(8), 2175–2182.

2. Inel, M., Ozmen, H. B., Bilgin, H. (2008). Re-evaluation of building damage during recent earthquakes in Turkey. Engineering Structures, 30(2), 412–427.

3. Kim, S. J., Elnashai, A. S. (2009). Characterization of shaking intensity distribution and seismic assessment of RC buildings for the Kashmir (Pakistan) earthquake of October 2005. Engineering Structures, 31(12), 2998–3015.

4. Varadharajan, S., Sehgal, V. K., Saini, B. (2012). Review of different structural irregularities in buildings. Journal of Structural Engineering, 39(5), 393–418.

5. Parulekar, Y. M., Reddy, G. R. (2009). Passive response control systems for seismic response reduction: A state-of-the-art review. International Journal of Structural Stability and Dynamics, 9(1), 151–177.

6. Kangda, M. Z., Bakre, S. (2018). The effect of LRB parameters on structural responses for blast and seismic loads. Arabian Journal for Science and Engineering, 43(4), 1761–1776.

7. Rong, Q. (2020). Optimum parameters of a five-story building supported by lead-rubber bearings under near-fault ground motions. Journal of Low Frequency Noise, Vibration and Active Control, 39(1), 98–113.

8. Ocak, A., Nigdeli, S. M., Bekdaş, G., Kim, S., Geem, Z. W. (2022). Optimization of seismic base isolation system using adaptive harmony search algorithm. Sustainability, 14(12), 7456.

9. Zhang, R., Zhao, Z., Pan, C. (2018). Influence of mechanical layout of inerter systems on seismic mitigation of storage tanks. Soil Dynamics and Earthquake Engineering, 114, 639–649.

10. Zhao, Z., Wang, Y., Hu, X., Weng, D. (2022). Seismic performance upgrading of containment structures using a negative-stiffness amplification system. Engineering Structures, 262, 114394.

11. Mazza, F., Labernarda, R. (2018). Effects of nonlinear modelling of the base-isolation system on the seismic analysis of r.c. buildings. Procedia Structural Integrity, 11, 226–233.

12. Hall, J. F., Heaton, T. H., Halling, M. W., Wald, D. J. (1995). Near-source ground motion and its effects on flexible buildings. Earthquake Spectra, 11(4), 569–605.

13. Mazza, F., Vulcano, A. (2012). Effects of near-fault ground motions on the nonlinear dynamic response of base-isolated r.c. framed buildings. Earthquake Engineering & Structural Dynamics, 41(2), 211–232.

14. Mazza, F., Mazza, M. (2016). Nonlinear seismic analysis of irregular rc framed buildings base-isolated with friction pendulum system under near-fault excitations. Soil Dynamics and Earthquake Engineering, 90, 299–312.

15. Jangid, R. S., Kelly, J. M. (2001). Base isolation for near-fault motions. Earthquake Engineering & Structural Dynamics, 30(5), 691–707.

16. Mazza, F. (2018). Seismic demand of base-isolated irregular structures subjected to pulse-type earthquakes. Soil Dynamics and Earthquake Engineering, 108, 111–129.

17. Mazza, F., Mazza, M., Vulcano, A. (2018). Base-isolation systems for the seismic retrofitting of r.c. framed buildings with soft-storey subjected to near-fault earthquakes. Soil Dynamics and Earthquake Engineering, 109, 209–221.

18. ASCE (2016). ASCE/SEI 7-16 minimum design loads for buildings and other structures. California, USA: American Society of Civil Engineering.

19. Ghosh, R., Debbarma, R. (2017). Performance evaluation of setback buildings with open ground storey on plain and sloping ground under earthquake loadings and mitigation of failure. International Journal of Advanced Structural Engineering, 9(2), 97–110.

20. Sadashiva, V. K., MacRae, G. A., Deam, B. L. (2009). Determination of structural irregularity limits. Bulletin of the New Zealand Society for Earthquake Engineering, 42(4), 288–301.

21. Michalis, F., Dimitrios, V., Manolis, P. (2006). Evaluation of the influence of vertical irregularities on the seismic performance of a nine-storey steel frame. Earthquake Engineering & Structural Dynamics, 35(12), 1489–1509.

22. Mander, J. B., Priestley, M. J., Park, R. (1988). Theoretical stress-strain model for confined concrete. Journal of Structural Engineering, 114(8), 1804–1826.

23. Park, R., Paulay, T. (1975). Reinforced concrete structures. New Jersey, USA: Wiley.

24. Kalantari, A., Roohbakhsh, H. (2020). Expected seismic fragility of code-conforming RC moment resisting frames under twin seismic events. Journal of Building Engineering, 28, 101098.

25. CSI (2022). SAP2000-structural software for analysis and design. California: Computers and Structures Inc.

26. ACT (2009). ATC-63: Quantification of building seismic performance factors. California: US Department of Homeland Security.

27. ASCE (2005). ASCE/SEI 7-05: Minimum design loads for buildings and other structures. Virginia: American Society of Civil Engineers.

28. Michaud, D., Léger, P. (2013). Ground motions selection and scaling for nonlinear dynamic analysis of structures located in Eastern North America. Canadian Journal of Civil Engineering, 41(3), 232–244.

29. Kitayama, S., Constantinou, M. C. (2018). Seismic performance of buildings with viscous damping systems designed by the procedures of ASCE/SEI 7-16. Journal of Structural Engineering, 144(6), 04018050.

30. FEMA (2007). NEHRP recommended provisions for new buildings and other structures: Training and instructional materials. California, USA: FEMA.

31. Barmo, A., Mualla, I. H., Hasan, H. T. (2014). The behavior of multi-story buildings seismically isolated system hybrid isolation (friction, rubber and with the addition of rotational friction dampers). Open Journal of Earthquake Research, 4(1), 52406.









	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.






Table of Contents


	
Influence of Vertical Irregularity on the Seismic Behavior of Base Isolated RC Structures with Lead Rubber Bearings under Pulse-Like Earthquakes






Guide


	
Influence of Vertical Irregularity on the Seismic Behavior of Base Isolated RC Structures with Lead Rubber Bearings under Pulse-Like Earthquakes





OEBPS/Images/SDHM_28686-fig-4.png
700

g &
S S

Base Shear (kN)
&
=)

-300

-550

-800

BS

15%

20%

25%

= Regular
m Soft

= Mass

= Stepped

BS 15% 20% 25%





OEBPS/Images/sdhm-logo.png





OEBPS/Images/table-1.png
Table 1: Absolute peak base shear of the selected earthquakes

PGA/PGV Regular Soft
BS 0.15 0.2 0.25 BS 0.15 0.2 0.25
0.82 773.25 450.07 436.81 426.77 486.84 426.28 409.84 397.70
0.55 721.39 442.74 426.13 412.68 477.01 495.75 475.33 455.05
0.43 706.16 544.62 527.42 512.19 467.85 554.65 530.45 506.51
0.55 689.75 508.28 481.70 459.11 477.82 511.31 487.86 466.24
0.32 762.44 485.96 456.82 434.10 530.28 546.79 498.53 463.51
1.24 700.78 457.44 441.41 427.10 481.71 436.56 413.36 389.00
1.20 736.42 531.61 509.13 489.20 496.39 481.91 464.35 446.69
0.75 712.66 430.78 413.86 398.37 471.72 434.03 420.08 408.04
0.57 684.47 495.52 471.83 451.44 470.73 508.79 487.65 469.44
1.02 704.44 475.48 459.36 44291 453.85 447.87 431.82 416.87
0.85 710.19 498.40 464.91 44431 476.49 436.70 416.86 401.64
0.55 682.56 413.90 403.46 394.13 466.50 387.00 373.39 362.18
0.65 651.23 461.21 443.44 428.06 480.80 471.80 451.26 434.98
1.03 685.33 515.09 490.00 468.59 474.73 399.33 388.52 379.09
0.65 707.01 324.92 321.80 318.05 455.89 317.97 311.77 306.71
0.66 717.81 388.31 377.08 368.53 489.83 429.97 413.44 400.71
PGA/PGV Heavy Stepped
BS 0.15 0.20 0.25 BS 0.15 0.20 0.25

0.82 758.86 427.18 418.07 408.02 756.11 510.55 478.87 456.93
0.55 730.29 459.82 438.98 421.74 617.39 387.89 368.18 357.74
0.43 700.44 518.42 502.38 488.32 632.85 463.23 450.77 437.45
0.55 712.45 477.62 453.62 432.32 582.65 445.38 424.80 407.58
0.32 771.80 475.12 441.23 424.33 614.17 386.41 377.78 369.05
1.24 746.54 396.10 388.72 385.17 629.37 405.41 399.39 395.36
1.20 797.56 466.79 450.32 435.47 690.91 524.23 495.71 473.99
0.75 691.92 408.28 396.64 386.65 642.57 429.71 412.64 397.14
0.57 710.64 479.38 458.44 440.77 662.84 47431 444.69 419.99
1.02 741.02 403.48 390.69 378.85 668.81 498.46 477.44 459.39
0.85 752.35 465.87 447.54 432.43 702.48 463.11 440.70 421.95
0.55 744.37 381.47 372.17 365.02 636.85 395.44 387.78 379.12
0.65 697.79 469.42 447.07 427.80 545.19 379.01 370.15 362.47
1.03 709.96 410.17 400.40 391.48 689.11 584.59 550.87 521.41
0.65 697.62 303.78 298.63 294.23 616.51 343.55 337.06 331.17
0.66 735.21 393.23 384.21 376.41 601.47 408.76 391.17 376.22
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Table 3: Absolute peak roof acceleration of the selected earthquakes

PGA/PGV Regular

BS 0.15 0.2 0.25 BS 0.15 0.2 0.25
0.82 17.90 10.83 11.26 11.59 10.92 8.97 9.58 9.88
0.55 15.76 13.49 13.61 13.65 9.75 9.58 9.33 9.45
0.43 17.01 14.39 13.82 13.65 11.37 11.48 11.71 12.14
0.55 15.91 12.97 13.10 13.05 10.90 10.56 10.67 10.70
0.32 13.82 11.56 11.39 11.15 10.47 11.58 11.29 10.83
1.24 14.92 10.36 10.15 9.97 10.33 8.97 9.00 8.99
1.20 19.40 16.59 16.61 16.56 13.19 14.98 15.04 15.11
0.75 17.49 14.93 14.93 14.89 11.01 13.16 12.74 12.27
0.57 11.93 15.56 15.62 15.58 12.16 13.44 13.95 14.15
1.02 17.50 13.91 14.01 14.11 13.29 13.51 13.74 13.90
0.85 15.51 13.86 13.26 12.61 14.17 10.93 11.43 11.80
0.55 13.62 10.28 10.25 10.32 8.84 9.91 9.65 9.40
0.65 19.62 11.76 11.95 12.07 11.74 12.61 12.81 12.91
1.03 22.22 17.97 18.22 18.47 16.74 15.89 15.78 15.61
0.65 16.04 10.86 10.52 10.42 13.67 11.98 12.35 12.80
0.66 17.11 13.14 13.03 12.85 9.83 9.40 9.92 10.27
PGA/PGV Heavy Stepped

BS 0.15 0.20 0.25 BS 0.15 0.20 0.25
0.82 14.75 10.84 10.73 10.71 23.41 19.39 18.47 17.56
0.55 14.53 13.43 13.63 13.74 28.18 21.09 20.76 20.41
0.43 17.27 13.61 13.67 13.71 22.49 18.63 18.25 17.85
0.55 15.90 14.32 14.18 13.92 27.77 18.93 18.64 19.06
0.32 12.35 12.36 12.63 12.66 17.71 16.94 16.68 16.28
1.24 13.93 11.00 11.26 11.25 31.45 19.36 18.59 18.29
1.20 18.77 15.95 16.11 16.17 25.08 28.32 28.37 28.20
0.75 14.76 12.83 12.71 12.59 27.16 20.56 20.28 19.97
0.57 12.57 16.57 16.58 16.49 26.54 18.96 18.97 18.84
1.02 14.32 12.93 12.88 12.81 27.25 20.34 19.14 17.96
0.85 13.25 12.10 11.92 12.35 25.97 20.48 19.83 19.62
0.55 12.81 11.35 11.47 11.50 24.20 17.39 16.66 15.94
0.65 16.88 13.09 13.10 13.17 33.25 22.68 22.66 22.60
1.03 21.56 15.57 15.57 15.54 32.02 27.94 28.32 28.49
0.65 13.34 11.15 11.46 11.69 26.46 20.03 19.34 19.05
0.66 12.10 11.94 12.27 12.56 18.21 19.70 18.75 17.90
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Table 6: Hysteretic energy of the selected earthquakes

PGA/PGV Regular Soft

BS 0.15 0.2 0.25 BS 0.15 0.2 0.25
0.82 701 971 843 735 829 1134 977 424
0.55 1413 2935 2490 2146 3199 3759 3125 2658
0.43 2373 2915 2467 2112 2326 3112 2715 2375
0.55 1827 5094 4164 3493 5228 6303 5388 4679
0.32 282 920 776 663 891 1382 1162 996
1.24 1336 1890 1655 1456 1693 2475 2104 1802
1.20 1303 1259 1086 942 785 1057 920 802
0.75 605 1419 1230 1070 1114 1821 1549 1323
0.57 1187 2260 1931 1706 2771 3356 2882 2502
1.02 1383 742 1412 1215 1333 731 1420 1235
0.85 8037 13801 11588 9915 12990 14394 12137 10380
0.55 1977 4137 3395 2809 2417 3961 3297 2755
0.65 435 2618 2228 1934 2318 3755 3235 2858
1.03 4657 6236 5547 4989 4981 5789 5159 4627
0.65 2881 3585 2954 2437 2482 3379 2899 2546
0.66 1974 2701 2352 2075 3783 4591 3807 3218
PGA/PGV Heavy Stepped

BS 0.15 0.20 0.25 BS 0.15 0.20 0.25
0.82 672 1338 1180 1050 328 580 472 391
0.55 1817 4314 3712 3242 142 1325 1118 956
0.43 3015 3759 3276 2868 243 1286 1069 909
0.55 3756 7199 6064 5190 196 1768 1497 1290
0.32 423 1566 384 1165 12 301 242 198
1.24 1387 2660 2330 2074 226 827 737 663
1.20 1319 1400 1252 1123 295 906 731 601
0.75 741 2176 1891 1656 393 764 645 551
0.57 1503 3308 2866 2536 346 1253 1066 916
1.02 1723 900 1764 1553 311 442 841 321
0.85 11542 16442 14212 12400 3360 7467 6344 5421
0.55 2556 5913 5074 2192 1096 1944 1518 1211
0.65 613 4409 3832 1688 77 948 845 760
1.03 5219 7317 6490 2924 5687 6019 5257 4601
0.65 2261 5919 5265 4710 5320 4379 3303 2495

0.66 1387 4462 3889 3440 113 1450 1231 1053
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Table 4: Input energy of the selected earthquakes

PGA/PGV Regular Soft

BS 0.15 0.2 0.25 BS 0.15 0.2 0.25
0.82 1029 1490 1400 1318 1128 1801 1699 1185
0.55 2039 4139 3727 3402 3907 5932 5288 4801
0.43 3004 4362 3958 3616 2900 5004 4698 4405
0.55 2904 7606 6693 5992 6515 9648 8801 8122
0.32 505 1327 1211 1115 1142 2061 1857 1704
1.24 1811 2745 2545 2371 2144 3736 3427 3167
1.20 1653 1997 1875 1759 1033 1888 1836 1775
0.75 1069 2096 1986 1892 1516 2822 2627 2457
0.57 1632 3294 3004 2796 3359 4935 4495 4110
1.02 1763 1082 2216 2041 1682 1158 2438 2287
0.85 11183 20742 18603 16925 17221 23894 21915 20279
0.55 3737 6589 6026 5561 3653 7026 6587 6199
0.65 973 3730 3400 3150 2930 5637 5169 4815
1.03 6629 10703 10469 10279 7250 11006 10874 10736
0.65 5157 8297 8262 8194 4625 8211 8182 8187
0.66 2875 4016 3756 3539 5072 7103 6371 5798
PGA/PGV Heavy Stepped

BS 0.15 0.20 0.25 BS 0.15 0.20 0.25
0.82 14.75 10.84 10.73 10.71 23.41 19.39 18.47 17.56
0.55 1004 1981 1864 1762 563 943 844 766
0.43 2529 5994 5422 4959 501 1861 1679 1534
0.55 3806 5594 5194 4823 537 1883 1688 1538
0.32 5121 10493 9380 8485 820 2647 2422 2249
1.24 665 2199 570 1809 99 494 445 406
1.20 2186 3823 3535 3314 594 1262 1215 1175
0.75 1679 2168 2090 2005 451 1397 1225 1088
0.57 1184 3126 2923 2751 842 1369 1298 1237
1.02 1884 4749 4349 4043 648 1768 1608 1469
0.85 2151 1314 2757 2578 440 1110 1251 939
0.55 15229 25185 23209 21436 4988 11056 9995 9082
0.65 4528 8818 8187 5454 2399 3645 3299 3033
1.03 1177 6094 5558 3437 670 1540 1492 1453
0.65 7377 12675 12403 9288 7726 9878 9420 8964

0.66 4499 10932 10885 10818 8789 9289 8592 7978
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Table 2: Absolute peak roof displacement of the selected earthquakes

PGA/PGV Regular Soft

BS 0.15 0.2 0.25 BS 0.15 0.2 0.25
0.82 0.19 0.14 0.13 0.12 0.16 0.17 0.16 0.16
0.55 0.14 0.13 0.12 0.11 0.33 0.26 0.23 0.21
0.43 0.18 0.19 0.18 0.17 0.30 0.26 0.25 0.23
0.55 0.11 0.19 0.17 0.16 0.33 0.22 0.20 0.18
0.32 0.10 0.17 0.15 0.14 0.29 0.27 0.23 0.19
1.24 0.12 0.13 0.12 0.11 0.21 0.17 0.15 0.14
1.20 0.19 0.18 0.16 0.15 0.31 0.19 0.18 0.16
0.75 0.12 0.11 0.11 0.10 0.16 0.18 0.17 0.15
0.57 0.16 0.18 0.16 0.15 0.30 0.24 0.22 0.20
1.02 0.21 0.15 0.13 0.12 0.27 0.16 0.16 0.15
0.85 0.18 0.16 0.14 0.12 0.28 0.18 0.16 0.15
0.55 0.10 0.10 0.10 0.10 0.15 0.15 0.14 0.13
0.65 0.08 0.15 0.14 0.13 0.22 0.23 0.21 0.19
1.03 0.21 0.16 0.15 0.14 0.32 0.16 0.15 0.14
0.65 0.11 0.06 0.06 0.06 0.13 0.07 0.07 0.07
0.66 0.16 0.10 0.09 0.09 0.22 0.19 0.17 0.16
PGA/PGV Heavy Stepped

BS 0.15 0.20 0.25 BS 0.15 0.20 0.25
0.82 0.16 0.18 0.17 0.16 0.15 0.12 0.11 0.10
0.55 0.15 0.20 0.18 0.17 0.09 0.07 0.06 0.06
0.43 0.24 0.25 0.24 0.22 0.10 0.11 0.10 0.10
0.55 0.16 0.23 0.21 0.19 0.09 0.10 0.09 0.09
0.32 0.11 0.24 0.20 0.17 0.07 0.08 0.08 0.08
1.24 0.18 0.16 0.14 0.13 0.08 0.08 0.08 0.08
1.20 0.20 0.20 0.18 0.16 0.12 0.15 0.13 0.11
0.75 0.11 0.16 0.15 0.14 0.10 0.10 0.10 0.09
0.57 0.21 0.24 0.22 0.20 0.11 0.11 0.10 0.08
1.02 0.24 0.14 0.13 0.12 0.12 0.12 0.11 0.10
0.85 0.24 0.18 0.17 0.16 0.13 0.12 0.10 0.09
0.55 0.12 0.13 0.13 0.12 0.10 0.08 0.08 0.07
0.65 0.09 0.22 0.20 0.18 0.08 0.08 0.07 0.07
1.03 0.22 0.14 0.13 0.12 0.21 0.14 0.13 0.12
0.65 0.11 0.07 0.07 0.07 0.11 0.08 0.07 0.07

0.66 0.14 0.15 0.14 0.13 0.07 0.07 0.07 0.06
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Table 5: Damping energy of the selected earthquakes

PGA/PGV Regular Soft

BS 0.15 0.2 0.25 BS 0.15 0.2 0.25
0.82 311 509 548 574 279 653 709 749
0.55 599 1182 1216 1236 676 2137 2130 2112
0.43 607 1425 1469 1484 554 1859 1952 2000
0.55 1025 2471 2491 2463 1221 3286 3359 3391
0.32 207 397 425 443 232 663 681 695
1.24 455 836 873 897 429 1233 1296 1339
1.20 341 730 781 810 239 821 905 963
0.75 439 661 741 806 377 976 1053 1111
0.57 420 1016 1056 1073 561 1550 1586 1582
1.02 368 332 794 816 337 416 1002 1037
0.85 3090 6875 6952 6950 4174 9405 9688 9812
0.55 1709 2414 2595 2718 1188 3011 3239 3394
0.65 521 1086 1147 1192 587 1841 1896 1920
1.03 1925 4413 4870 5238 2209 5132 5633 6029
0.65 2236 4664 5262 5712 2092 4766 5218 5578
0.66 868 1280 1370 1431 1248 2460 2512 2530
PGA/PGV Heavy Stepped

BS 0.15 0.20 0.25 BS 0.15 0.20 0.25
0.82 313 629 671 700 224 357 367 370
0.55 682 1647 1680 1689 345 525 550 567
0.43 761 1802 1886 1926 281 586 609 619
0.55 1303 3235 3260 3243 601 860 907 941
0.32 224 617 176 632 82 187 198 203
1.24 770 1134 1177 1213 355 425 468 502
1.20 353 758 828 873 152 486 489 483
0.75 419 925 1007 1071 430 595 643 677
0.57 360 1412 1457 1482 288 505 532 545
1.02 414 404 977 1010 123 389 404 414
0.85 3613 8646 8902 8944 1593 3553 3616 3628
0.55 1908 2850 3060 3210 1271 1680 1760 1802
0.65 543 1646 1687 1711 579 576 632 678
1.03 2094 5274 5830 6281 2011 3826 4131 4333
0.65 2194 4942 5550 6039 3424 4879 5259 5453

0.66 770 1818 1912 1970 333 714 744 760
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