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Abstract 

In recent years, structural analyses have primarily been practiced using the linear static approach, and designed for 

practical implementation. However, this approach doesn't account for the dynamic behavior and overall 

performance of structures. For this reason, this study aims to evaluate the dynamic and pushover behavior of the 

structure and propose its suitability in terms of seismic excitation. To assess the dynamic behavior of the structure, 

both linear and nonlinear dynamic analysis were considered in this research. A three-dimensional G+9 storied RC 

building was designed for Zone IV based on the linear static analysis, using the Bangladesh National Building 

Code 2020. The modeling was carried on CSI ETABS for finite element simulation. The model was assessed using 

dynamic analysis, where spectral matched time history data were considered for the response spectrum: 

Serviceability Earthquake (SE), Design Basis Earthquake (DBE), and Maximum Considered Earthquake (MCE). 

The results demonstrated that floor deflections and base shear from the nonlinear analysis slightly deviated from 

the linear analysis. The nonlinear dynamic analysis indicated more precise performance in addressing the nonlinear 

ductile behavior of the structures, showing that structural elements fall within the various acceptance criteria, with 

the worst-case scenarios found for MCE. This study indicates that dynamic analysis is necessary depending on 

structure's geometry and the seismic activity of the area. 

 

Keywords: response spectrum; nonlinear dynamic analysis; pushover analysis; finite element simulation; seismic 

excitation. 

 

1 Introduction 

 

The 2005 Canadian building code identifies dynamic analysis as the main method for evaluating seismic forces 

and displacements, The procedures are classified into linear methods, such as the elastic modal response spectrum, 

and nonlinear inelastic methods using time-domain numerical integration [1]. Pushover assessment is commonly 

applied in engineering practice to estimate seismic demands on buildings. Pushover analysis calculates seismic 

demands using a site-specific hazard spectrum, whereas nonlinear time-history analyses require a collection of 

ground motions and probabilistic approaches to account for the inherent uncertainty in earthquake recordings [2]. 

Considering the building’s configuration, two distinguished methods are recommended: time-history analysis with 

properly scaled input motions, or inelastic static (pushover) analysis, each applied for two distinct earthquake 

loading levels [3]. Pushover analysis assesses a structure’s ability to resist seismic forces by gradually increasing 

lateral loads until failure, while nonlinear dynamic analysis provides a more detailed and realistic simulation of a 

building’s response to real earthquakes [4]. Nonlinear time history analysis of the building’s response shows that 

an earthquake similar to the 2011 Lorca event in southeast Iberia would severely damage the structure, emphasizing 

the crucial role of finite element modeling in predicting plastic hinge formation and evaluating structural safety 

[5]. 

 

Reviewing the several pieces of literature mentioned above contributed to finding the research gap. Structural 

analysis should address both static and dynamic analysis to ensure a safer structural design, particularly for seismic 

zone IV in Bangladesh. For this reason, the objective of this research is set to assess the structural behavior for 

various seismic assessment methods. 

 

2 Methodology 

 

2.1 Structural and Material Properties 

The typical floor plan of the structural model is shown in Figure 1. As shown in the floor plan, the structures used 

for analyses in this research have four bays in the long direction (of lengths 5, 4, and 5 m) and two bays in the 

short direction (5 m each bay). The height of each story is 3 m, which is uniform for all stories of the buildings. 

The columns size was 45cm  45 cm, and beam size were considered 35cm × 35cm for top four stories and 38cm 

×38cm for five stories from the base of the G+9 storied buildings. Assuming the ultimate compressive strength of 

concrete fc = 21 MPa, the tensile strength of concrete ft = 2.5 MPa, yield strength of steel fy = 280 MPa, 
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and elasticity modulus of steel Es = 200,000 MPa. The live load is assumed to be 2 𝑘𝑁/𝑚3 with the load from the 

fixed partition wall considered as 6.4 𝑘𝑁/𝑚 acting on each floor, the load from the parapet wall is considered as 

2.9 𝑘𝑁/𝑚. The load exerted due to the application of random wall and floor finish is considered as 1.2 𝑘𝑁/𝑚² 

and 1 𝑘𝑁/𝑚² respectively. 

   

 

 

 

 

 

 

          Figure 1. Typical floor plan of G+9 storied frames was used in the analyses.  
 

2.2 Dynamic and Pushover Analysis of RC Building 

This research investigates the structural responses of a G+9 storied building using both linear and nonlinear 

analyses in CSI ETABS. The models are primarily designed to be compliant with the Bangladesh National Building 

Code (BNBC) 2020, using the response spectrum provided for seismic zone IV. The structural model undergoes 

dynamic and pushover analyses under three different spectral acceleration earthquake conditions: Serviceability 

Earthquake (SE), Design Basis Earthquake (DBE), and Maximum Considered Earthquake (MCE). 

 

For both linear and nonlinear dynamic analyses, ground acceleration data from the El Centro earthquake for 40.96 

seconds, was utilized for spectral matching with an assumed spectral function (Sa vs. T) as shown in Figure 2, to 

assess structural behavior using the direct integration method. The reason for performing spectral matching is to 

address the dynamic behavior based on the code-based response spectrum, where the frequency of the El Centro 

earthquake could impact the dynamic analysis instead of the direct exertion of its original time history function. 

 

The earthquake is exerted along the Y-axis, as the model is considered to be weak in that direction, which is shown 

in the floor plan in Figure 1. The structural damping was considered to be 5% for this building. For linear time 

history analysis (LTHA), the total base shear was initially found to be lower compared to linear static analysis 

(LSA). This addresses the factor of I*g/R, and then by rescaling the factor, it was taken as equal to the base shear 

found in LSA, as referred to in ASCE 41-17. The linear direct integration method of Newmark β was employed 

for the assumed spectral matched earthquake (SE, DBE, and MCE) to get the structural responses for LTHA. 

Whereas, nonlinear time history analysis (NALTHA) demanded the structural model to be nonlinear, for which 

nonlinear hinges were assigned as outlined in ASCE 41-13 (as shown in Figure 3) into all the frame elements of 

the building (slabs were eliminated, and all the service loads, including its self-weight, were applied to the frame 

elements of the structure). The earthquake exertions were followed in a similar manner to LTHA, even though the 

factor was assumed as I*g for nonlinear direct integration, as there is no obligation to divide the response 

modification factor (R); it just addresses the structural importance factor (I) and gravitational acceleration (g). 

 

This research also investigated the structural responses for nonlinear static analysis (NLSA), or pushover analysis, 

indicating the capacity of the structure to withstand repeated increases in base shear forces. In this assessment 

method, the nonlinear model was pushed along both 'X' and 'Y' directions for the first modal shape of each 

direction. A controlled displacement was determined based on a many-iteration process, allowing for the maximum 

deformation at the top of the building. 
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Figure 2. spectral matching of DBE with original EL Centro earthquake for 40.96 sec. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Nonlinear Hinges property as per ASCE 41-13. 

 
 

3 Numerical Analysis Results and Discussions 

 

The following graphs illustrate the numerical results for 0 to 15 seconds of the spectrally matched earthquake, 

considering the region of maximum seismic energy, which addresses peak responses for the SE, DBE, and MCE 

earthquake conditions of building structures. These graphs demonstrate the top displacement over time, which 

addresses the direct integration method (Newmark β) for LTHA and NLTHA. The structural top displacement for 

SE indicates that the maximum displacement was found to be 10 cm for LTHA and 15 cm for NLTHA for this 

particular irregular structural model, and the displacements found in NLTHA were slightly higher than LTHA over 

the 15 seconds of the earthquake, as shown in Figure 4. The top displacements for DBE follow a similar manner 

to SE, where the maximum displacement was found to be 14 cm for LTHA and 20 cm for NLTHA, as shown in 

Figure 5.  

 

However, the BNBC 2020 prescribes that the displacements in nonlinear analysis could be close to the multiple of 

the displacement amplification factor (Cd) and the displacement found for linear analysis. These responses indicate 

that to assess the real dynamic behavior of structures, it is necessary to perform both linear and nonlinear dynamic 

analysis rather than conventional linear static analysis in designing structures. The structural responses for MCE 

are shown in Figure 6, which indicates that the LTHA behavior was found without any discrepancy, whereas it 

was found that the building structure did not have sufficient strength to withstand a higher level of seismic 

excitation. The final step behavior of the building due to the exertion of MCE is illustrated in Figure 7. Many frame 

elements reached above the state of collapse prevention (CP), which is not allowed for MCE as outlined in ASCE 

41-17. 
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Figure 4. Time history responses for Serviceability Earthquake. 

 

Figure 5. Time history responses for Design Based Earthquake. 

 

Figure 6. Time history responses for Maximum Considered Earthquake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. 3D view in CSI ETABS; Hinge states for final state of MCE. 
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The structural responses for nonlinear time history analysis, as shown in Table 1, demonstrate both local and global 

limit criteria for the irregular building. For MCE, the maximum top displacement exceeded its global acceptance 

limit, and 38 distinctive columns were found to be above the collapse prevention (CP) point, indicating that the 

building is not safe in the case of an MCE. For both SE and DBE, maximum top deformation and hinge states were 

found to be under allowable limits, as no hinge states were found beyond life safety (LS) for DBE, and no hinge 

states were found beyond immediate occupancy (IO) for SE. 

 

Table 1: Plastic hinge state at final step of time history analysis 

 

Earthquake Dir. 
Maximum 
Disp. (cm) 

Global 
Acceptance 
Limit (cm) 

Plastic Hinge States at Target Displacement 

A-IO IO-LS LS-CP >CP 
Total 

Hinges 

MCE Y 108.27 100.076 545 8 29 38 620 

DBE Y 20.57 58.8772 620 0 0 0 620 

SE Y 15.07 29.4386 620 0 0 0 620 

. 

In this research, a pushover assessment method was also employed to identify the maximum capacity of the 

building. The seismic base shear was increased in a subsequent manner through repeated pushes along both the 'X' 

and 'Y' directions, corresponding to various top displacements as illustrated in Figure 8. The base shear capacity 

in the 'X' direction was found to be higher compared to the 'Y' direction, indicating that the building structure is 

weak in the 'Y' direction, which was utilized for dynamic analyses. This assessment also requires checking the 

local and global allowable limits of the building as outlined in Table 2. The displacement coefficient method, as 

per ASCE 41-13 NSP, was used to assess the target point displacement and its corresponding base shear for the 

response spectra of SE, DBE, and MCE. The pushover analysis shows that displacements and hinge states were 

found to be within maximum allowable limits, even though the base shear was found to be 7.9% higher compared 

to linear static analysis (LSA). 

 

 

 

 

 
 

 

                               Figure 8. Base shear vs Displacement for Pushover Analysis.  
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Table 2: Target displacement, acceptance limit and plastic hinge states as per ASCE 41-13. 

 

Earthquake Dir. 

Target Point 
Global 

Acceptance 
Limit (cm) 

Plastic Hinge States at Target 
Displacement 

Base 
Force 
(KN) 

Target 
Displacement 

(cm) 
A-IO IO-LS LS-CP >CP 

Total 
Hinges 

MCE 
X 938.17 39.1922 

100.076 
561 59 0 0 620 

Y 921.85 40.4368 617 3 0 0 620 

DBE 
X 922.56 26.5684 

58.8772 
620 0 0 0 620 

Y 833.91 27.813 620 0 0 0 620 

SE 
X 653.19 17.9324 

29.4386 
620 0 0 0 620 

Y 560.89 18.415 620 0 0 0 620 

 

 

3. Conclusions 

 

This research indicates that nonlinear time history assessment is necessary to evaluate the more exact scenarios of 

buildings under moderate to high-intensity earthquakes, particularly for seismic zone IV in Bangladesh. The study 

demonstrates that the top displacements for the response spectra (SE, DBE, and MCE) for NLTHA were not found 

in the states that BNBC 2020 prescribed with respect to LTHA for this particular irregular building, and 

displacements for pushover analysis were found to be slightly higher compared to NLTHA. However, if the linear 

responses are multiplied by the displacement amplification factor (Cd), these do not meet the responses for 

nonlinear analysis. The seismic base shear forces found for pushover analysis also indicate that the structure does 

not have the high ductility anticipated for nonlinear analysis. The structure was found to be vulnerable in terms of 

a maximum considered earthquake (MCE) from NLTHA. The acceptance criterion from pushover analysis does 

not show any significant discrepancy, while NLTHA shows that the limit states do not satisfy the maximum 

allowable limits as per ASCE 41-17. For these reasons, the research presents the importance of nonlinear time 

history analysis for a proper seismic assessment of building structures because the responses may vary depending 

on their geometric shape and the seismically active area and debunk the conventional approach. Besides, since the 

research did not account for seismic zones I, II, and III in Bangladesh, a further study could explore the possible 

consequences for these regions. 
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