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Assessing the structural capacity of an irregular structure requires an appropriate and robust representation of the analytical model. Conventional procedures are flawed because they lack the reversal effects of higher modes. Therefore, more robust procedures have been tested to accurately capture the capacity of irregular building-type structures. Some of these may be classified as adaptive pushover techniques in which the lateral load vector is revised instantaneously. These adaptive techniques generally refer to SRSS as a modal combination rule to superpose the maximum values of the modal quantities. However, this results in an overestimated capacity value. Furthermore, the reversal effects of the modes are not included in the evaluation process. Hence, in this research, a force-based adaptive multimode pushover method was tested on a plan-irregular building using a code developed and implemented into ZEUS-NL. First, an eigenvalue analysis was used to obtain the modal quantities of the considered building, and subsequently, the modal story shear forces were obtained using the modal story forces. Furthermore, the lateral load patterns were calculated at each iterative step. Finally, the structure was pushed using this calculated lateral load pattern up to a previously calculated target displacement value using a three-step adaptive pushover analysis. The first step is to run an adaptive single-mode pushover analysis considering the first mode. After comparing the fundamental period with a constant threshold limit, it is then decided whether to run an adaptive multimode pushover analysis considering the first two modes or to run two adaptive multimode pushover analyses considering the contribution of both the second and third modes. Neither SRSS nor CQC was used to obtain the maximum response quantities; instead, the use of the envelope response is suggested. After evaluating the capacity diagram of the considered building, the story drifts were determined. The outcomes of the adaptive pushover analyses were later checked with the nonlinear dynamic results. It can be concluded that the result of the tested procedure is in good correlation with the dynamic results. Furthermore, the top displacement–time traces were plotted to check which ground motion record reveals the maximum values. Using the ground motion record, interstory drift ratio–time graphs were developed for each story level and compared with the code limit. Base shear–time history traces were then obtained and compared with the tested FAP. Lastly, story shear–interstory drift relations were plotted to investigate the absorbed energy level as an indicator of damage. As a result, for irregular RC structures, the tested procedure was found to be more accurate. However, in its current form, the procedure reflects the seismic behavior of irregular midrise buildings.
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1 INTRODUCTION
Performance-based design (PBD) methodologies rely on proper representation of the inelastic seismic response of the considered structure and aim to determine the structural capacity via non-linear static analyses. Although these types of analyses lack consideration of the sign changes and the reversal effects of the higher modes, they are widely used because they require less computational time and engineering effort. This may also be the reason for these techniques being implemented in assessment guidelines worldwide.
In the last two decades, assessing the performance of a structure using non-linear static procedures (NSPs) has become very popular. These procedures rely on the fact that the considered multi-degree-of-freedom (MDOF) system may be transformed into an equivalent single-degree-of-freedom (SDOF) system. In these methodologies, the capacity values of the SDOF system are calculated first, and later, by means of transformation coefficients, the capacity value of the real MDOF system is estimated. Outcomes are generally evaluated in terms of the maximum deformations. The main parameter for obtaining an accurate NSP result is to estimate a robust lateral load distribution vector. Depending on the type of lateral force distribution, conventional and adaptive pushover techniques have been reported in the literature, where the force pattern is maintained constantly and simultaneously updated, respectively. Furthermore, conventional methods are suitable for regular structures where the fundamental mode is the first mode. In contrast, adaptive techniques are preferred for capturing the higher mode effects of irregular structures and estimating their capacities. Numerous pushover methods have been reported in the literature, including N2, extended N2, modal, multimodal, and force- and displacement-based adaptive techniques.
Conventional pushover methods were mainly developed by Freeman et al. (1978), who later implemented a graphical technique in their original proposal to enhance the sensitivity of their method, known as the capacity spectrum method (CSM), wherein the structure is pushed up to a previously determined target displacement value, and the capacity curve is obtained. Subsequently, the derived capacity curve is transformed into a capacity spectrum by means of participation factors to graphically intersect the reduced demand spectrum. The point where the capacity spectrum intersects the demand spectrum is called the performance point of the considered building; hence, it is much easier to determine the structural capacity using this modified procedure.
Krawinkler and Seneviratna (1998) stated that despite their deficiencies, conventional pushover procedures shed light on different response parameters that could not be predicted by dynamic analyses. However, in a recent study by Ruggieri and Uva (2020), it was stated that the conventional procedures neglect the variation of the structural dynamic properties (periods, fundamental modes, shape, etc.). Spectral shape, duration, etc. can also not be predicted by means of conventional procedures (Ruggieri et al., 2022). In addition, conventional pushover procedures are flawed when plan- or height-wise irregularities arise in the structure, owing to the lack of consideration of torsional effects, which makes it significantly more complex to determine the structural response. Moreover, it was highlighted that conventional procedures may underestimate the deformation response on the stiff side of a torsionally flexible structure. Furthermore, on condition of irregularities, where higher mode effects along the elevation arise, the procedure should be applied with some modifications according to Eurocode (EC8) (Eurocode 8, 2004).
To overcome these drawbacks, more studies were managed to enhance the applicability of conventional methodologies. Paret et al. (1996) and Sasaki et al. (1998) proposed a multimode pushover (MMP) technique in which numerous pushover analyses are performed by considering different lateral load patterns; additionally, this technique considers the reversals of the modes. Notably, the results of individual pushover analyses need to be combined precisely, failing at which may result in an overestimation of the capacity of the considered system and mislead the engineer. Moghadam and Tso (2002) proposed the pushover results combination (PRC) procedure, where results of several modal pushover analyses were used to calculate the maximum values of the seismic response.
Following this, modal pushover analysis (MPA) was proposed by Chopra and Goel (2002), whose core idea is not significantly different from that of Paret et al. (1996). In this method, the MDOF system is first converted into an equivalent SDOF, and then the capacity spectrum curve is represented bilinearly. Moreover, the individual modal responses are superposed using the square-root-of-the-sum-of-squares (SRSS) to obtain the overall response of the structure. Although the MPA procedure is easy to apply, it was later observed that it does not consider the reversal effects and interactions of the modes. Therefore, Chopra et al. (2004) modified and extended their proposal to include the inelastic response of modal pushover analyses with the elastic response of higher modes. Later, Reinhorn (1997) proposed a spectral-based approach that enabled the evaluation of the inelastic response of SDOF and MDOF systems using an inelastic response spectrum. In this approach, the maximum displacement is evaluated as a function of the considered inelastic response.
Because the aforementioned efforts were not sufficient to enhance the precision and accuracy of the conventional pushover techniques, researchers continue to develop more sophisticated methodologies. Especially for structures in which the fundamental mode is torsional, researchers have proposed new techniques to incorporate the torsional components into the analyses. Kosmopoulos and Fardis (2008), Barros and Almeida (2005), Fajfar et al. (2005), Adhikari and Pinho (2010), Stefano and Pintucchi (2008), Perus and Fajfar (2005), Fajfar (2000), Kappos and Penelis (2000), and Jeong and Elnashai (2004) investigated the torsional response in pushover analyses. Furthermore, in a study by Jan et al. (2004), an upper-bound contribution ratio was proposed, and it was concluded that considering the first two modes will give robust results in terms of the higher modes. Furthermore, in a mass-proportional procedure, the effects of the higher modes were defined in terms of the seismic masses of each story (Kim and Kurama, 2008). Poursha et al. (2011) proposed a consecutive modal pushover (CMP) procedure for use in the capacity assessment of tall buildings. Panyakapo (2014) studied a cyclic pushover method, where the lateral load pattern is purely obtained from the modal response of the considered structure. More efforts to consider the higher mode effects were also carried out in studies by Behnamfar et al. (2016), Poursha and Amini (2015), Poursha and Amini (2016), and Vafaee and Saffari (2017). More details on these techniques can be obtained from the respective publications.
Adaptive methodologies accounting for the variation in modal properties are considered promising alternatives. A fully story force-based adaptive procedure (FAP) was first proposed by Bracci et al. (1997). Accordingly, the lateral load vector was instantaneously adapted using the inelastic story forces introduced in the previous step. Satyarno et al. (1998) developed a single-mode FAP, which cannot capture the higher mode effects. Requena and Ayala (2000) proposed an adaptive procedure in which the effects of higher modes may be considered in the analyses. Another story FAP procedure proposed by Gupta and Kunnath (2000) uses a response spectrum to obtain the applied lateral load pattern, which is updated at each iterative step. Both the former and latter procedures require eigenvalue analysis as the first step. The results of the eigenvalue analysis are later used to derive the story forces at each level for each individual mode. Subsequently, the modal base shear values are combined and superposed using SRSS.
Jeong and Elnashai (2004) introduced a FAP procedure where the lateral load pattern was simultaneously updated according to the instantaneous tangent stiffness matrix. An energy-based adaptive pushover procedure was later proposed by Albanesi et al. (2002), where the kinetic energy properties are evaluated at each step. A single-run FAP procedure was proposed by Antoniou and Pinho (2004a), where plasticity was assumed to be distributed throughout the cross-section. The procedure can consider both the degradations on the stiffness and higher mode responses. Furthermore, the lateral load vector was revised based on the momentaneous mode shapes. Modal combination rules were then applied to consider the effects of individual modes. Because the use of the quadratic modal combination rule dampens the effect of sign reversal in the higher modes, seismic demands were not accurately predicted.
When the pros and cons of the aforementioned FAP procedures are considered, it is concluded that FAP procedures are not much superior to conventional pushover procedures. To enhance the accuracy of the adaptive analysis, Antoniou and Pinho (2002b) developed the displacement-based adaptive pushover (DAP) analysis, in which the structure is subjected to displacement traces. Kalkan and Kunnath (2006) proposed a new multimode technique using an adaptive modal combination (AMC) procedure. In a recent study by Jalilkhani et al. (2020), a multimode adaptive displacement-based pushover procedure was introduced to the literature. Furthermore, studies by Shakeri et al. (2010) and Amini and Poursha (2018) should also be highlighted among the others. Many adaptive and non-adaptive procedures have been proposed in the last two decades to accurately estimate the structural responses. However, the majority of these procedures consider the torsional effects on 2D structural models to reduce computational time and effort. It should also be noted that executing these 2D adaptive procedures is not easy because many structural engineering software applications lack an adaptive algorithm.
In this study, an FAP procedure was tested on a plan irregular reinforced concrete (RC) building using a code developed and implemented into ZEUS-NL (Elnashai et al., 2002) which is fiber-based finite element software and can run both adaptive pushover and dynamic analyses. It enables the user to incorporate the deterioration effects both in material and geometry in the 3D model. Moreover, it is also possible to develop a code and implement it in the software. First, the modal story shear forces were calculated using an eigenvalue analysis. Then, the first mode and two modes adaptive pushover analyses were run to evaluate the capacity curve, respectively. Then, story drifts were determined and compared with the nonlinear dynamic analyses, which were found to have a good correlation.
2 CONCEPTUAL BACKGROUND
In this study, the adaptive lateral load pattern is solely obtained by following the principles of structural dynamics. The second-order differential equation that governs the equation of motion of an MDOF system has been presented in Eq 1. Parameters m, c, and k, which are given on the left side of the equation, refer to the mass, damping, and stiffness matrixes, respectively. On the right side, i is the influence vector that concerns the direction of the ground motion, and [image: image] is the ground acceleration value. The solution of this equation will reveal the requested displacement value, [image: image]. It is generally preferred to define the free vibration response of an MDOF system in terms of modal coordinates, [image: image], as expressed in Equation 2. Herein, [image: image] refers to the nth mode shape, and [image: image] is the generalized mass.
[image: image]
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If Equation 1 is rewritten in terms of [image: image] and simplified, Eq 3 will be obtained. In this equation, [image: image] and [image: image] refer to the nth mode damping ratio and natural frequency. The expression for [image: image], the participation factor, has been given in Eq 4.
[image: image]
[image: image]
The lateral force distribution for the nth mode, [image: image], is computed by Eq 5, as proposed by Antoniou and Pinho (2004a). Here, [image: image] represents the pseudo-acceleration as a function of [image: image], natural period, and [image: image].
[image: image]
In this study, the corresponding modal load vector has been determined by following Eq 6. Different from Eq 5, in Eq 6, [image: image], the effective modal participating mass ratio of the nth mode has been introduced as a new modal quantity. The expression for [image: image] can be found in Equation 7. Here, [image: image] refers to the effective modal mass, and the governing formula of the quantity has been presented in Eq 8, where [image: image] is the excitation factor which is the nominator of Eq 4 and is as formulated in Eq 9. The total mass, [image: image], is calculated by Eq 10. In this latter equation, i and N refer to the story level. It was previously stated by Poursha and Amini (2015) that the sum of the effective modal mass ratios over all modes shall be equal to unity. Hence, this parameter can better illustrate the contribution of a specific mode than the modal participation factor.
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Herein, the lateral force distribution has been determined following the procedure explained in the study by Shakeri et al. (2010) by algebraically adding the modal story forces. This procedure considers the sign reversals in the story forces of higher modes which SRSS or CQC would not be able to. Accordingly, in Eq 11, [image: image] refers to the number of modes considered, and [image: image] gives the lateral load pattern to be applied at the story levels.
To estimate the seismic demands of tall buildings, Poursha et al. (2009) considered four steel buildings and worked on a consecutive modal pushover procedure. Their study concluded that the number of required stages in a multi-stage pushover analysis solely depends on the fundamental period of the building. A threshold limit of [image: image] has been proposed accordingly. Amini and Pourscha (2018) stated that if [image: image], an adaptive multimode pushover analysis with a lateral force distribution considering the first two modes shall be used. On the contrary, if [image: image], two adaptive multimode pushover analyses with a lateral force distribution considering the contribution of two and three modes of vibration shall be used. Since the decision on the number of modal contributions depends on the given threshold limit of the fundamental period, the lateral load pattern, presented in Eq 11, is developed by introducing a constant coefficient, [image: image]. The corresponding values that [image: image] can take have been formulated in Eq 12. In this equation, k refers to the number of modes considered in obtaining the lateral force distribution.
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Hence, [image: image] and [image: image] can be calculated using Eqs 13, 14. The former equation considers two modes, while the latter one considers three modes.
[image: image]
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Once the lateral load vector is determined, it has to be updated at each adaptive step. The nominal load vector [image: image] which is defined at the beginning of a conventional pushover procedure has to be amplified by an initial load vector [image: image] in the adaptive version. As given in Equation 15, [image: image] will have values between zero and unity. The value of unity corresponds to an approximate horizontal capacity.
[image: image]
In a recent study by Antoniou and Pinho (2004a), two possible procedures have been introduced, which may be used to update the load vector: total and incremental updating. In the former one, the load vector is obtained by following Equation 16. Here, [image: image] refers to the load vector at step [image: image], and [image: image] is the normalized modal scaling vector, which is calculated by Equation 11. Due to the numerical stability issues that the total updating procedure has, herein incremental updating procedure has been followed. In this procedure, the load vector [image: image] is calculated as presented in Equation 17. Here, [image: image] load pattern is calculated by adding the load vector of the previous step [image: image] and [image: image] load vector increment, which is defined in Equation 18. Accordingly, the load vector calculated by Equation 11 is multiplied by a new load factor. As stated in the study by Antoniou and Pinho (2004a), a constant of 0.1 is selected herein as the load factor.
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Different from the use of the conventional combination procedures SRSS or CQC, the peak results of the adaptive pushover analyses are later enveloped to compute the seismic demands. Hence, the envelopes may be determined by using Equation 19 (Amini and Poursha, 2018).
[image: image]
The flowchart of the previously explained procedure has been given presented in Figure 1. The developed code, which follows the given routine, is later implemented in ZEUS-NL (Elnashai et al., 2002). At each iterative step, ZEUS-NL performs eigenvalue analysis including the stiffness results of the former step using the Jacobi method. In the conventional procedure of the software, the next step is to superpose the modal responses by using SRSS or CQC. However, this part is altered to follow the previously explained procedure in the implemented code, owing to the fact that the algorithm ZEUS-NL follows enables different options to be tested. Furthermore, the newly obtained forces are subjected to the system and the total stiffness matrix of the structure is evaluated.
[image: Figure 1]FIGURE 1 | Flowchart of the developed code implemented in ZEUS-NL (Elnashai et al., 2002).
3 STRONG GROUND MOTION SELECTION
In this study, to conduct non-linear time history analyses, suites of real records were carefully selected considering magnitude range, peak ground acceleration (PGA) range, source distance, fault mechanism, and average shear-wave velocity. The Pacific Earthquake Engineering Research Center (PEER) Strong Ground Motion Database (PGMD) (PEER, 2014) was used to properly select the ground motions. In this study, seven hazard-compatible strong ground motions were selected. The specific properties of the selected ground motions are given in Table 1. In this table, Rjb is the Joyner–Boore distance and Rrup refers to the closest distance. Vs,30 refers to the average velocity of a shear-wave propagation in a 30 m depth layer, and amax is the maximum acceleration value. The selected events were generated by trust faulting.
TABLE 1 | Selected strong ground motion data.
[image: Table 1]In the literature, scaling the selected input ground motion records with respect to PGA has been widely used. Tönük et al. (2014) recommend the use of an amplitude scaling procedure which is called as spectrum scaling procedure. The procedure is processed by scaling each individual ground motion record to obtain the best match with the target acceleration spectrum where an optimization routine has to be used. The optimization routine uses peak acceleration values as the scaling factor and does not alter the frequency content of the motion. The advantage of this methodology is that it uses smaller scaling factors and better matches with the target spectrum having limited scatter. Furthermore, in the study by Bazurro and Cornell (2004), it was reported that the scaling of the selected records with respect to spectral acceleration would yield more consistent results. Hence, in this study, the selected ground motion records were then scaled to 0.2 g PGA to match the EC8 (Eurocode 8, 2004) Type 1 design spectrum for Type B soil and 5% damping, as illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | 0.2 g scaled response spectrum to be used in adaptive pushover analyses.
4 CASE-STUDIED BUILDING AND MODELING ASSUMPTIONS
The quality of building stock in Mediterranean countries is generally similar. It would not be wrong to generalize that most buildings in this region were aseismically designed and lacked engineering principles. To represent the situation in Turkey, an irregular test building built at the European Laboratory for Structural Assessment (ELSA) by Fardis and Negro (2005) in 2002 was selected as the case study structure. The three-storied irregular RC building is aseismically designed. Aseismically designed buildings are generally designed only for gravity loads, and they follow neither the requirements of the seismic codes nor the principles of capacity design. They have stronger beam elements and weaker column elements, and the transverse reinforcements in the columns do not comply with the confinement limits of present-day seismic design codes. Furthermore, the beam–column joints are sensitive to shear failure owing to the lack of transverse reinforcement (Stratan and Fajfar, 2002; Stratan and Fajfar, 2003). It should be emphasized that the capacities of these structures should be enhanced immediately, especially in earthquake-prone regions.
Figure 3 shows the schematics of the plan and elevation of the pseudo-dynamically tested irregular building. The structure has plan irregularities and a 3-m story height. As illustrated in Figure 4, the cross-sectional dimensions of all columns were 25 cm × 25 cm, except for column C6, which had dimensions of 75 cm × 25 cm and made the structure stiffer and stronger along the y-direction. The longitudinal reinforcement of the beam elements was composed of four ø12 mm plain bars that were placed at the top and anchored at the end of the column element. The bottom reinforcement of the beam element was composed of two ø12 mm plain bars. The transverse reinforcement used in the beams was ø8/200 mm. A schematic of the structural elements is presented in Figure 4. Non-structural components, such as infills, were not considered in the finite element model. Moment–curvature graphs were obtained from XTRACT (XTRACT software, 2002) models.
[image: Figure 3]FIGURE 3 | (A) Plan and (B) elevation.
[image: Figure 4]FIGURE 4 | Reinforcement layouts of column and beam elements.
Martinez-Rueda and Elnashai (1997) tested the robustness of the model of Mander et al. (1998) with software that follows a fiber-based approach, where they concluded that the model lacks numerical stability in terms of stiffness, especially under large displacements. Hence, a new concrete model which predicts cyclic degradation of strength and stiffness was developed. Though the proposed model mainly follows the model of Mander et al. (1998), the rules for considering cyclic degradation of strength, inelastic strain, and shape of the unloading branches were newly defined. This material model was then implemented into ZEUS-NL and labeled as (con2). In its current form, four parameters are required to properly define the material model: compressive strength [image: image], tensile strength [image: image], crushing strain [image: image], and confinement factor [image: image]. The confinement factor is defined as the ratio of confined concrete strength [image: image] to plain concrete strength [image: image] and is used to scale up the stress–strain relationship throughout the entire strain range. The low values of [image: image] are due to the limited amount of transverse reinforcement used for the members of the assessed structure. The schematic illustration of (con2) has been presented in Figure 5A. In the assessment procedure of the SPEAR building, the confinement factor and the design strength have been taken as [image: image] and 25MPa, respectively. A bilinear elasto-plastic model with kinematic strain hardening (stl1) is used to model steel. This model assumes that the loading and unloading phases may be defined as a function of the elasticity modulus of steel. Furthermore, a kinematic hardening rule in the plastic range is defined by a linear relationship. To use the mentioned steel material model, three parameters have to be defined: the elasticity modulus [image: image], yield strength [image: image], and strain-hardening constant [image: image]. In Figure 5B, the illustration of the steel material model has been presented for two different bar elements having diameters [image: image] and [image: image]. Specific parameters of the steel material were previously tested and shared by Jeong and Elnashai (2004). Accordingly, the elasticity modulus of all bar elements was defined as [image: image]. In the same reference yield, the strength values of the steel elements were reported as [image: image] and [image: image], respectively. Furthermore, the ultimate strength values were given as [image: image] and [image: image], respectively.
[image: Figure 5]FIGURE 5 | Material models: (A) steel and (B) concrete.
Comprehensive element libraries are included in ZEUS-NL (Elnashai et al., 2002). 3-D cubic elastic-plastic beam elements that were formulated by Izzuddin and Elnashai (1989) following the Euler–Bernoulli formulation (Elnashai and Izzuddin, 1993) were used to model both the beams and columns. These elements have 200 monitoring points, enable further inelastic modeling, and can account for the spread of inelasticity along the length of the member. For each beam and column member, a mesh of four elements was used. To accurately estimate the plasticity induced near the beam–column joints, smaller-sized elements were used at the beginning and end points of members. For the outer and inner segments of the beams and columns, 0.15L and 0.35L were selected as the lengths of the elements, respectively, where L refers to the length of the considered member. The rigidity matrix of an element was then derived at two Gaussian integration points which were located at 0.3L distance from the mid-point. Furthermore, these sections were divided into fibers, and a stiffness matrix was constructed considering the contribution of each individual fiber. This integration scheme formed the tangent stiffness matrix, which was later transformed into the global stiffness matrix. In addition, to satisfy the rigid diaphragm assumption, diagonal elements having quite thin and wide cross-sections were introduced at the floor level. The 3-D finite element model of the considered building is presented in Figure 6.
[image: Figure 6]FIGURE 6 | Finite element model of the SPEAR building.
According to EC8 (Eurocode 8, 2004), Eqs 20, 21 should be satisfied for a building to be considered regular. In these equations, [image: image] and [image: image] refer to the eccentricities along the x- and y-direction, respectively. In addition, [image: image] refers to the radius of gyration of the floor mass, and it is determined by taking the square root of the ratio of the polar moment of inertia to the floor mass. Furthermore, [image: image] and [image: image] torsional radii values are calculated as the square root of the ratio of the torsional stiffness to the lateral stiffness of the floor along the x- and y-direction, respectively. The threshold limit for the structural eccentricity is defined by Equation 20. Accordingly, [image: image] and [image: image] shall be smaller than 30% of the torsional radius, which should always be larger than [image: image]. In Table 2, the calculated torsional properties of the studied building according to EC8 (Eurocode 8, 2004) are presented. The tabulated values in Table 2 reveal that the eccentricities along the x- and y-direction were found as 1.31 and 1.04, respectively. These values are found to exceed the code threshold limit. Hence, it is considered that the building should be classified as irregular in plan, according to the aforementioned code.
[image: image]
[image: image]
TABLE 2 | Calculated irregularity parameters.
[image: Table 2]According to Fajfar et al.(2005), the ratio of the uncoupled translational period, [image: image], to the uncoupled torsional period, [image: image], gives an impression of the building’s behavior. If this elastic torsional response ratio [image: image], the building behaves translational meaning torsionally stiff. If [image: image], the building behaves torsionally, meaning torsionally flexible. In addition, both Fajfar et al.(2005) and Bhatt and Bento (2011) mentioned that a building can be translational in one direction and torsional in the other direction. Hence, [image: image] values are determined to verify the torsional response of the considered building as presented in Table 3. Accordingly, the building can be classified as torsionally stiff and torsionally flexible in the x- and y-direction, respectively.
TABLE 3 | Torsional-to-lateral frequency ratio.
[image: Table 3]5 ANALYTICAL STUDY AND RESULTS OF THE ANALYSES
To calculate the design load, live loads were reduced by 30%, and dead loads were considered as they were. The self-weight of concrete was set to 25 kN/m3. Subsequently, the previously determined gravity loads were distributed to the nearest beams and columns. Moreover, both the dead (D) and reduced live (Q) loads were considered to calculate the mass of the considered irregular building, and those masses were assigned to the nodes of the structural elements. The live load reduction factor was set at 0.3. Accordingly, the masses of the first two stories were found as [image: image] and the third one as [image: image].
To estimate the modal behavior of the considered building, eigenvalue analyses were conducted. Determined mode shapes are illustrated in Figure 7, and the outcomes of calculated modal quantities are given in Table 4. Herein, in the table, [image: image] and [image: image] refer to the modal participation factors calculated by the developed code in the x-, y-, and z-direction, respectively. Furthermore, [image: image] and [image: image] refer to modal mass participation ratios in the x-, y-, and z-direction, respectively.
[image: Figure 7]FIGURE 7 | Modal response of the SPEAR building.
TABLE 4 | Modal parameters.
[image: Table 4]As stated in the study by Amini and Poursha (2018), modal story shear forces were calculated by running eigenvalue analyses. Throughout the adaptive analyses, story shear forces were used instead of base shears to evaluate the lateral load vector. Following this, first mode and two modes adaptive pushover analyses were run to determine the capacity curves, respectively. As brought forward in the Introduction, the tested FAP procedure is capable of both considering the effects of higher modes and stiffness degradation effects, including the reversal effects of the modes. The load pattern was later obtained by the principles explained in the study by Amini and Poursha (2018). The calculated modal story shear profiles for the x- and y-direction for each story are shown in Figure 8. It can be deduced that the calculated modal story shear forces in the y-direction are above those in the x-direction, which may be because the structure is much stiffer in the former direction.
[image: Figure 8]FIGURE 8 | Story shear profiles: (A) x- and (B) y-direction.
After evaluating the modal story shear profiles, the load pattern used in the adaptive analyses was derived. The calculated load pattern versus the step number is given in Figures 9A, B. Considering both the x- and y-direction, the distribution of the calculated load pattern through the height of the structure is illustrated in Figures 9C, D for each story.
[image: Figure 9]FIGURE 9 | Derived load pattern versus step number: (A) x- and (B) y-direction. Height-wise distribution of the load pattern: (C) x- and (D) y-direction.
Using the previously determined height-wise lateral load pattern, the building was pushed in both the x- and y-direction. In Figure 10, the obtained base shear–top displacement curve is presented for the considered two directions. The target displacement values were calculated following FEMA (FEMA 440, 2005) as 0.042 m and 0.047 m in the x- and y-direction, respectively.
[image: Figure 10]FIGURE 10 | Obtained pushover curves both in x- and y-direction.
Following the preceding discussion, the story drift values obtained from the FAP procedure were compared with the results of the nonlinear time–history analyses and plotted in Figure 11. It can be concluded that the adaptive results correlate well with the results of the dynamic analyses.
[image: Figure 11]FIGURE 11 | Story drifts for (A) x- and (B) y-direction.
Di Sarno et al. (2013) stated that interstory drifts may be used as an effective damage control measure. Furthermore, in EC8 (Eurocode 8, 2004), a code threshold limit of 0.5% was defined to indicate a damage state for the interstory drift ratios. Hence, for each individual record presented in Table 1, top displacement–time traces are first obtained. It is observed that among seven ground motions, the Chuetsu Oki (Japan) record resulted in the maximum top displacement values. Top displacement–time traces are illustrated in Figure 12 both for x- and y-direction.
[image: Figure 12]FIGURE 12 | Top displacement–time traces in x- and y-direction for the Chuetsu Oki (Japan) record.
For the mentioned ground motion record, interstory drift ratios for both x- and y-direction are then determined and plotted in Figure 13 for each story. The threshold limit was also plotted on the graphs for comparison. It can easily be inferred from the graph that damage is unavoidable.
[image: Figure 13]FIGURE 13 | Interstory drift ratios for the Chuetsu Oki (Japan) record.
The base shear–time history traces of the considered building are plotted in Figure 14 for the previously considered earthquake record. The capacity results of the tested FAP are also marked on the given plots for comparison. It can be concluded that the calculated capacity values are exceeded under the mentioned ground motion.
[image: Figure 14]FIGURE 14 | Base shear–time history traces.
It was previously mentioned by Elnashai and Di Sarno (2015) that high energy absorption is a function of high-level damage. It can be concluded that the area under the action–deformation curves will correspond to the level of absorbed energy for a specific deformation level. For that, the hysteretic behavior of the building was aimed to be examined to assess the damage level for the considered ground motion. In Figure 15, for each story level, story shear–interstory drift plots are presented for both x- and y-direction. It is found from the figure that the absorbed energy is greater at the second story level.
[image: Figure 15]FIGURE 15 | Story shear–interstory drift graphs.
6 CONCLUSION
In this study, an adaptive force-based multimode pushover analysis procedure was tested on an aseismically designed 3D irregular RC building to assess its capacity and drift values. For that, a computer code has been developed and implemented into ZEUS-NL, which is powerful finite element software. It enables the designer to run many different types of analyses, such as adaptive pushover and non-linear time history.
First, an eigenvalue analysis was run to determine the modal properties of the considered irregular structure. Then, the modal story shear forces were calculated using the results of the eigenvalue analysis. Subsequently, the modal story shear forces were evaluated to calculate the lateral load distribution. Finally, a three-step adaptive technique was applied using the obtained lateral load vector. Accordingly, the decision on the number of modal contributions depends on the given threshold limit of the fundamental period. First, an adaptive single-mode pushover analysis is used considering the first mode. Following this, if [image: image], an adaptive multimode pushover analysis with a lateral force distribution considering the first two modes is used. On the contrary, if [image: image], two adaptive multimode pushover analyses with a lateral force distribution considering the contribution of two and three modes of vibration are used.
The results of the adaptive pushovers were then used to determine the capacity curves. After evaluating the capacity diagram of the considered plan irregular building, the story drifts were determined. The results of the adaptive pushover were tested with the non-linear dynamic results. It should be emphasized that combination procedures of SRSS or CQC were not used to obtain the maximum response. Instead, the envelope response is determined as the maximum of the two modal responses calculated previously. It was then concluded that the result of the applied procedure well correlates with the dynamic results.
Furthermore, top displacement–time traces for all the considered ground motions were obtained individually, and the record that reveals the maximum top displacement was specified. Later, for the same record, interstory drift ratio–time graphs were developed for each story level. The threshold limit of the design code was also plotted on the same graphs to interpret the amount of damage for a specific value of deformation. Base shear–time history traces of the considered building were then developed for the mentioned ground motion. The results of the tested FAP were implemented into graphs to conclude that the determined capacity values are exceeded. Moreover, story shear–interstory drift relations were plotted to investigate the absorbed energy level, which is a good indicator of damage. The result indicated that absorbed energy at the second story level was higher.
Furthermore, the results of the analyses revealed that for irregular RC structures, the tested procedure is more accurate in terms of estimating structural capacity and drifts. The applied procedure was also found to enhance the sensitivity of the results. However, in its current form, the procedure reflects the seismic behavior of irregular midrise buildings. For the procedure to be applicable to high-rise buildings, it should be developed more.
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