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Abstract 

Advances in seismic design concepts have led to the development of sophisticated methods. 
The goal of this paper is to analyse the structure using different analytical procedures and 
compare the structural responses obtained. Linear Seismic Analysis (Response Spectrum 
Analysis) and Nonlinear Seismic Analysis (Pushover Analysis and Nonlinear Time History 
Analysis) methods were used as seismic analysis procedures. Seismic analysis was performed 
on the two symmetric Bare Special Reinforced Moment Frame models, having storey 
numbers of 5 and 10, respectively, using ETABS(v22) software. Provisions of IS 1893:2016 
and ATC-40 are considered for performing Response Spectrum and Pushover analysis, 
respectively. Three ground motion records are provided to structural models as input to 
perform NTHA. The paper provides global seismic responses like storey drift and storey 
displacement from all procedures and concludes with a comparison of results among these 
procedures. 

Keywords—Seismic Analysis, Pushover Analysis, Performance Point, Nonlinear Time History 
Analysis, ETABS 
 

1. INTRODUCTION 

Earthquakes, being unpredictable but destructive and hazardous natural events, lead to 
catastrophic infrastructure destruction, human fatalities, and economic collapse (1). Thus, 
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the severity of earthquakes is to be considered while designing structures, especially on 
earthquake prone zones. With the progression of time, different design philosophies were 
introduced with the objectives of determining how the structure acts against seismic 
demands. Strength-based design was the initial seismic design concept, which defined 
earthquakes as ultimate-strength events and conceptualised the inclusion of inelastic 
behaviour of the structure (2). Strength-based methods were supplanted by limit state 
design, which deals with both structural strength and serviceability of the structure (3). The 
limit states design was then superseded by a more robust approach called 
Performance-Based Seismic Design (PBSD).  PBSD is simply a philosophy of design of 
structures, based on the predictability of future seismic events by utilising the inelastic 
response of the structure rather than relying on uneconomical elastic demands, with the 
belief that “the stronger the structure becomes, the more capable it becomes to resist large 
earthquakes.” (4,5). With the advancement in seismic design concepts, different analytical 
procedures were also conceptualized (6–10). Generally, seismic analysis can be categorised 
into two main types: Linear Seismic Analysis (LSA) and Nonlinear Seismic Analysis 
(NSA).  

Some of the notable building codes adopting LSA are ASCE/ SEI 7-22 (US), EN 1998-1 
(Europe), IS 1893:2016 (India), NBCC (Canada), and NZS 1170.5 (New Zealand) (11–15). 
Similarly, Nonlinear Static Procedure (NSP) and Nonlinear Time History Analysis 
(NTHA) are popular inelastic methods. NSP are still in the developing phase, as different 
research studies have been published to replace conventional methods (N2, Capacity 
Spectrum, and Displacement Coefficient) with an improved advanced version that is more 
capable of determining seismic demands and has more insights into structural behaviour 
(16). Performance Analysis (PA) following the procedures of the Capacity Spectrum 
Method, was used by FEMA356 and ATC-40 (CSM), which was then superseded by 
FEMA 440 following the Improved Capacity Spectrum method (14,17–20). FEMA440 and 
ASCE 41-17 provided improvised guidelines for Displacement Coefficient methods 
(DCM) superseding procedures of FEMA356. Meanwhile, the N2-method is being adopted 
by EN1998-1 for conducting PA. Similarly, NTHA is a sophisticated, powerful approach 
for solving equations of motion for multi-degree of freedom (MDOF) systems with the 
help of specific integration methods and proposed iterative algorithms, which can estimate 
the dynamic response of the structure considering damping effect or cyclic loading and can 
simulate inelastic behaviour of the structure (21).  Since NTHA is a complicated approach, 
powerful software tools, such as ANSYS, ABAQUS, LUSAS, OpenSees, CSI-based 
softwares, and Perform 3D, can be used for solving large computational equations (22–26). 
These advanced software uses sophisticated modelling techniques to model a realistic 
behaviour of the structures to capture the appropriate responses of the real structure under 
action forces.  

Different studies were conducted to evaluate the structural performance of various types of 
structure under seismic events with the help of seismic analytical procedures. Krawinkler 
and Seneviratna (27) conducted a study on a 4-storey steel perimeter frame structure which 
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was severely damaged in the Northridge earthquake. They performed NTHA using nine 
ground motion records to achieve local and seismic demands, which were compared with 
the corresponding demands obtained from PA. The conclusion was that carefully 
performed PA could provide better foresight of seismic demands, especially for low-rise 
structures where higher modes of effects are not important and the structure has a uniform 
distribution of inelastic behaviour over the heights. However, when they conducted a 
similar study on structures from two to forty stories, it showed that for taller structures with 
higher modal effect, structural responses obtained from PA highly deviate from the results 
of NTHA. In a similar manner, other research studies have also shown the utility of PA to 
be favourable for low-rise structures having lower values of fundamental natural period of 
vibration (28–30). Gupta (31) had proposed an adaptive modal pushover procedure which 
could account for the effects of higher modes and performed analysis on different 
structures varying in lateral load resisting systems. The obtained responses from the 
method are compared with NTHA, and were able to capture important response attributes 
even for irregular structures.  However, the study found the limitations of the method when 
dealing with shear-critical systems. Worku and Hsiao (32) proposed a simple procedure of 
modified first-mode pushover analysis (MFPA) for assessing seismic performances of steel 
buildings with various structural heights, and when results such as storey drift and 
plastic-hinge distribution over building heights were compared with NTHA, the results 
from the simple NSP procedure matched those of NTHA. The seismic performance 
assessment of the structures is challenging process (33), and even with valuable design 
guidelines, there is a crucial need of comparative assessment of all types of the structures. 
This study investigates symmetric Bare Special Reinforced Moment Frame (SRMF) for 
seismic assessment under different analytical procedures (RSA, PA, NTHA) associated 
with design guidelines of IS 1893-2016. 5 storey and 10 storey models are taken as 
reference models to evaluate the performance variation among low rise and mid-rise 
structures. The performance is evaluated on the basis of seismic responses such as drift, 
displacement, and base shear. Further, the comparison of performance of the structures 
under each seismic procedures is carried out to investigate the preferability of the given 
procedures. 

 

2. METHODOLOGY 
A. Overview of Seismic Analytical Procedures 

Most of the seismic design guidelines  around the world include provisions for 
linear/elastic design of structures (34). Linear Response spectrum analysis (RSA) is the 
most common method that is used for predicting structural responses under seismic 
excitations. The response spectrum summarises the peak responses of all possible linear 
single degree of freedom (SDF) systems to a particular component of ground motion. 
The linear elastic model of a structure is then analysed as an SDF system, which 
undergoes modal analysis to determine the modal properties of the system and provides 
different particular modes that reflect the numerous forms of structural response in the 
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frequency domain. Further, each individual's responses are combined to generate the 
total structural reaction. Some of the common combination methods of the responses of 
different modes are Absolute method, Square Root of the Squares (SRSS) and Complete 
Quadratic Combination (CQC). Since RSA performs as linear analysis, it fails to 
comprehend the nonlinear behaviour of the structures. Generally, nonlinear procedures 
are required for performing inelastic analysis of the structures.  

Nonlinear static procedures (NSPs), also termed as Pushover analysis (PA), is a static 
inelastic analysis that can estimate the performance of the structural system by 
determining deformation and strength demands, and can derive an association between 
demands and capacities at each performance levels (27). The involvement of various 
performance parameters such as interstorey drift, global drift, and inelastic element and 
joint deformation validates the application of PA for precise estimation of performance 
levels. In conventional first modal inertia PA (19), the structure is subjected to lateral 
forces which exhibit monotonic increase with respect to targeted displacement. The 
application of such load patterns in the structure has the intention of representing the 
distribution of inertial forces developed from the fundamental lower modes of 
earthquake throughout the structure. In PA, structure is assessed on basis of its 
performance point, which generally is a point where the demand curve and capacity 
curve of the structures meet. The performance of the structure can be determined 
through different levels, in which each level dictates the degree of severity of damage. 
The discrete structural performance levels are Immediate Occupancy (IO), Life Safety 
(LS) and Collapse prevention (CS). Each performance level is associated with the 
applicable acceptance criteria, where force and deformation actions are evaluated for 
each structural component for the appropriate strength and capabilities required for the 
entire structure to exist on the given performance levels. The performance levels 
associated with acceptance criteria for a given structure can be represented from the 
force-displacement relationship, which could be represented as a capacity curve of the 
structure required in PA. Various methods are integrated in different seismic codes, 
which provide an understanding of how structures respond under seismic forces. The 
Capacity Spectrum Method (CSM) ATC-40 (35–37), Improved Capacity Spectrum 
Method (ICSM) FEMA-440 (18,38), N2 Method EC-8 (14,39), Displacement 
Coefficient Method (19,39,40), Improved Coefficient Method (18), Energy Based PA 
(41,42) are some of the well-known techniques which comes under first modal inertial 
PA methods (16). It is to be noted that conventional PA neglects other sources of energy 
dissipation other than material straining, such as kinetic energy, viscous damping and 
duration effects (43). Such limitations can be countered using more advanced pushover 
procedures such as Adaptive PA (44), Multimodal PA (9,45), Improved Modal PA (46), 
Generalised PA (47), Upper-Bound PA (48) and Spectrum-Based PA (49).  

The structure can be seismically analysed by Nonlinear Time History Analysis (NTHA) 
for simulating the dynamic response of structures under seismic motion, and for 
accounting nonlinear behaviour of structural elements including yielding, cracking, 
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failure, and SSI effects. (21,50–53). NTHA is applicable to irregular as well as complex 
structures, and is more dynamic and accurate when compared with PA. The geometric 
and material nonlinearity are considered when simulating the dynamic response of the 
structure under seismic loads. The damping models and hysteresis models are also 
integrated for NTHA analysis to determine the possible energy dissipation of the 
structure under given seismic forces. This study considered RSA, PA, and NTHA as 
seismic procedures for assessing the performance of the given structural models to 
understand both the elastic and inelastic nature of the structure, along with static and 
dynamic responses of the structures to the seismic demands.   

 

B. Structural Modelling 

Table 1: Building Features 

Software ETABS (v22) 

Lateral Load 
Resisting System 

RC Buildings with Special Moment Resisting Frame 
(SMRF) 

Support Condition Fully Restrained (Fixed Base) 

Number of bays 3 (Both X and Y direction) 

Bay Dimension 4m  4m ×

Column size 350mm  450mm ×

Beam size 300mm  400mm ×

Slab thickness 125mm 

Storey height 3m 

Concrete Grade 
M25 (Material properties are in accordance with IS 
456:2000) 

Rebar Grade Fe415 (Constitutive relationship for reinforcing steel is in 
accordance with IS 456:2000)  

Wall Load Not Considered 

Slab Load 3 kN/m2 + 2 kN/m2 (Live Load + Floor finishing Load) 

 

Two symmetrical structures were modelled by following the procedures of Table 1. The 
sectional and material properties are preferred to suit the Indian guidelines and 
construction practices. The models are analysed as bare frame structures to represent the 
conservative nature of frame models without considering the significant influence of the 
infills on stiffness variability and response of the structure. One of the models is built as 
a 5-storey (G+4) low-rise building, and the other as a 10-storey (G+9) mid-rise 

Comparative Assessment of RCC Buildings with Special Moment-Resisting Frame Using                        JACEM, VOl, 12 
Static and Dynamic Procedures of Both Linear and Nonlinear Seismic Analysis 



296 
JACEM, VOl, 12 

 
Journal of Advanced College of Engineering and Management 

building, and can be named as M1L5 and M2L10, respectively. The floor plan and 3D 
demonstration of both models M1L5 and M2L10 can be visualised from Figures 1 and 
2, respectively. Diaphragm action is taken into account for floor slabs to ensure 
continuous load paths between lateral elements and vertical load-bearing elements.  

 

Figure 1: Typical Floor Plan for both M1L5 and M2L10 models 
 

The structural elements of the models, considering the nonlinear analysis, did 
incorporate the nonlinear behaviour. The nonlinearity is included in beam-column 
members through FE simulation for the nonlinear material response of such members. 
(54). In this study, the lumped plasticity model approach is considered, where plastic 
hinges were provided with a linear-elastic element based on the moment-rotation 
relationship at end sections to give axial force. Flexural hinges were provided at 
probable plastic zones, which thus represent column and beam elements under lateral 
load. Plastic hinges provide nonlinearity at the cross-section level of the structure and 
represent the nonlinear flexural behaviour, such as cracking, yielding, and post-yielding, 
which are defined by the moment-rotation relationship of the structural element. The 
modal parameters of plastic hinges are calculated by the ETABS software. Furthermore, 
ETABS comprises auto hinge features that automatically define and employ hinges for 
each and every element. The features of auto hinges in ETABS(v22) are generated 
following the design guidelines of ASCE 41-17. The flexural hinges in column 
components are modelled following coupled (P-M2-M3) hinge properties with 
consideration of the interaction of axial force and bi-axial bending moment at the hinge 
location, where rotational values are incorporated only for axial forces associated with 
gravity loads. In a similar manner, the uncoupled (M3) moment hinge is used to model 
flexural hinges in beam components. Michael R. Willford et al. (55) state that lumped 
zero-length plastic hinges concentrate the moment-rotation model parameters such that 
the numerical formulations of the element are efficient and condensed.  
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a) 
 

b) 

Figure 2: 3D view of model a) M1L5 b) M2L10 

M1L5 and M2L10 models of the present study perform seismic linear analysis (ESF and 
RSA) by following the provisions of IS 1893:2016. The acceleration coefficient value 
(Ah) is provided from the design spectra corresponding to the given fundamental time 
period. Ah values are modified contemplating seismic parameters such as soil type 
(Medium), Importance Factor (1.2), Response reduction factor (5), Zone factor (0.24), 
and damping ratio (5%). Modal PA was carried out in ETABS(v22) for both models 
(M1L5 and M2L10) under load combinations provided by IS 1893-2016 using CSM 
(20) procedures. CSM estimates the peak inelastic deformation of nonlinear SDOF 
systems with an analogous period and damping. The values of the effective period and 
damping are based on ductility estimates. The obtained pushover curve (function of 
base shear and roof displacement) is converted to a capacity curve (function of spectral 
acceleration and spectral displacement) by using modal properties of the structure. The 
capacity curve is plotted in the format of acceleration-response spectrum (ADRS). The 
conversion of seismic demands in the form of elastic response spectrum into ADRS 
format is also done to enable the same coordinate system between both demand and 
capacity curves. ETABS(v22) implements FEMA 440 Equivalent Linearization, which 
enhances the CSM procedure without changing its core methodology. The structures are 
pushed only in the X-direction in this study as a  referred direction. Three scaled 
Ground acceleration time series (El-Centro, Gorkha, and Northridge) (56,57) were 
given as input at base points of both structures with a Load Case of Nonlinear Time 
history, which follows the procedures of Direct Integration with time steps t= 0.005s. ∆
The time step chosen is less than 0.1T1 to satisfy the computation efficiency and 
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stability requirements (6). The plot of the acceleration time series of the selected ground 
motion is presented in Figure 3. IS 1893:2016 allows a minimum of three ground 
motions for time history analysis. However, other design codes, such as Eurocode and 
ASCE, require more than seven time histories of different seismic events. Since the 
study is limited to IS 1893:2016, three types of ground motion were selected. The 
selected ground motions were scaled between periods 0.2T1 to 2T1 with the target 
design response spectrum of IS 1893:2016 provided to the models (58–60), where T1 is 
the fundamental period of vibration of the structure. The scaling was performed in 
Seismomatch software following the algorithm of the improved cosine wavelet function 
(59). The response spectrum of scaled ground motions can be visualised in Figure 4. 

 

Figure 3: Time History function in H1 Direction of unscaled Ground Motion of a) El-Centro 
earthquake, 1940 (Station: El Centro Terminal Substation Building), b) Gorkha Earthquake, 
2015 (Station: Pulchowk Campus, Institute of Engineering, Tribhuvan University, Patan), c) 

Northridge earthquake,1994 (Station: Jensen Filter Plant Administrative Building) 
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Figure 4: Plot of scaled response spectra of ground motion with Target spectrum (IS 
1893:2016, Type-II) for a) M1L5, b) M2L10 

 

3. RESULTS 
A. Linear Seismic Analysis 

Approximate fundamental translation natural time period Ta of oscillation is calculated 
for the bare MRF building from IS 1893:2016 for both M1L5 (0.57s) and M2L10 
(0.96s) models. The design bse shear ( ) obtained by the ESF procedure for M1L5 𝑉

𝐵

and M2L10 are 295.04kN and 286.81kN, respectively. Low rise structure with shorter 
time periods and higher spectral acceleration induce larger base shear than the flexible 
mid-rise structures with longer time periods. The fundamental time period achieved 
from ETABS for both models M1L5 (0.93s) and M2L10 (1.9s) is higher than those 
values achieved from the approximate calculation because of the inclusion of the 
effective stiffness of building elements (beams and columns) as per IS guidelines. The 
cumulative modal mass participation for both structures is  90% from just two ≥
translation modes of each direction. The combined responses in both modes sum up the 
seismic performance of these models. The storey displacement and storey drift of both 
models can be evaluated under RSA procedures and are presented in Figure 5. The peak 
roof displacement of models M1L5 and M210 is 12.859mm and 26.727mm, 
respectively. Likewise, the maximum storey drift of M1L5 and M2L10 are 0.0011 and 
0.0013, respectively, and both values do not exceed the limitation (0.004) given by the 
guidelines. The scaling (M1L5=1.2 and M1L10=1.2) of RSA was done to obtain the 
given results following IS 1893:2016 guidelines formula ( ) from clause 7.7.3.  𝑉

𝐵
/𝑉

𝐵
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Figure 5: Structural Responses from LSA procedures a) Storey Displacement b) Storey Drift 

 

B. Modal Pushover Analysis 

Modal PA was done for the fundamental and second translation mode of the 
X-direction. Pushover curve (capacity curve) obtained from both structural models after 
analysis is projected in Figure 6, which determines the values of Base Shear (kN) 
against roof displacements (mm). M2L10 has higher roof displacements than M1L5 for 
a particular base shear value, which clearly indicates the flexible nature of tall structures 
with higher deflection concerns. On the other hand, low-rise structures are stiffer, which 
attracts larger seismic loads but has lesser deflection risks. Similarly, for M1L5, the 
yielding point is clearly visible through a change of slope in the first fundamental mode, 
which is in contradiction to the gentle yielding gradient of M2L10, which suggest 
flexible and elastic nature of tall-rise structures in the fundamental mode, with the 
possibility of distribution of stiffness among higher modes leading to a higher energy 
dissipation. In contradiction, M1L5 has higher stiffness and lower energy dissipating 
capability. Thus, such a structure induces greater seismic demands, with a quicker 
possibility of the structure to reach inelastic zone even in low seismic demands.  
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Figure 6: Capacity Curve (Pushover curve) for a) M1L5 b) M2L10 

 

a) 

 

b) 

Figure 7: Performance point illustration in ETABS using FEMA 440 Equivalent 
Linearization for a) M1L5, b) M2L10 

 

Table 2: Results for Performance Point 

 M1L5 M2L10 

X-direction Fundamental 
Mode 

Second Mode Fundamental 
Mode 

Second 
Mode 

Performance 
Point (mm) 

-41.759 -4.93 -83.685 -25.729 

Base Shear 
(kN) 

1648.44 763.67 1499.897 1536.487 

Sa (g) 0.31 0.33 0.143 0.37 
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Sd (mm) 32.707 3.758 64.82 17.16 

Teff (s) 0.664 0.202 1.367 0.472 

Ductility Ratio 1.48 1.01 1.47 1.01 

Effective 
Damping 

0.06 0.0505 0.0599 0.0513 

Modification 
Factor 

1.03 1.01 1.03 1.01 

 

Following CSM procedures, the capacity curve, which is obtained from modal analysis 
of the fundamental mode, and the demand curve (IS 1893:2016) are intersected to 
estimate the performance point. Figure 7 shows the performance point obtained from 
CSM evaluated in ETABS. Further, Table 2 presents the detailed parametric values 
obtained after analysis. Teff obtained from both structures is relatively larger than T 
obtained from RSA. Even though RSA integrates effective stiffness by reducing the 
gross moment of inertia of members using guidelines, the actual structural time period 
during a seismic event is obtained more accurately using PA.  

 

For the M1L5 model, displacement related to the performance point is matched at step 
19 for the fundamental mode and step 3 for the second mode while generating the 
capacity curve. Multiple plastic hinges are formed at the beams of the first, second, and 
third storeys. Likewise, for the M2L10 model, the displacement obtained at the 
performance point is matched to step 20 for the fundamental mode and step 4 for the 
second mode, where multiple plastic hinges are formed at the beams of the first to sixth 
storey levels. Figure 8 shows the hinge status of M1L5 and M2L10 for the fundamental 
mode. For both M1L5 and M2L10, the performance level of the structure was shown in 
the BC range at the performance point, and the acceptance criteria lie between the IO 
and LS state, which indicates significant damage occurred at the beam components 
where the plastic hinges are formed. Plastic hinges were not formed in columns at the 
performance point for both models, hinting strong column/ weak beam mechanism 
implemented in these models.  
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Figure 8: Hinge status at Performance point for a) M1L5 (Step 19), b) M2L10 (Step 20) 

 

The storey displacements and storey drift obtained at Performance points for models 
M1L5 and M2L10 models in both modes are demonstrated in Figures 10 and 11, 
respectively. These are the maximum values of the responses that are expected to be 
faced by the structure for a given design earthquake. The peak displacement obtained 
for M1L5 and M2L10 was 43.251mm and 85.864mm, respectively. The maximum 
storey drift of the M1L5 model (0.004) is within the drift limitation as per provisions of 
IS 1893:2016, but the inter-storey drift of multiple storey levels of M2L10 exceeded this 
limitation. The exceedance in M2L10 was due to a higher contribution of drift in the 
second mode, which further corroborates the contribution of higher modes in generating 
severe responses in high-rise structures during seismic events. The responses obtained 
from modal PA further corroborate that the contribution of higher modes is also to be 
considered for seismic assessment of high-rise structures. 
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Figure 9: Storey displacement at performance point of a) M1L5 b) M2L10 

 

Figure 10: Storey drift at performance point of a) M1L5 b) M2L10 

 

C. Nonlinear Time History Analysis 
Peak Base Shear obtained for M1L5 for El-Centro, Gorkha, and Northridge were 
1694.297kN, 1819.624kN, and 1440.705kN, respectively, for positive direction, 
whereas 1769.627kN, 1407.995kN, and 1711.478kN, respectively, for negative 
direction.  Likewise, Peak Base Shear obtained for M2L10 for El-Centro, Gorkha, and 
Northridge were 1642.481kN, 1717.937kN, and 1676.61kN, respectively, for positive 
direction, whereas 1662.789kN, 1647.17kN, and 1286.805kN, respectively, for negative 
direction. Maximum storey drift acquired from ground motions in ETABS software for 
both M1L5 and M2L10 models is demonstrated in Figure 11. For the M1L5 model, the 
maximum storey drift of 0.0038 was caused by El-Centro and is followed by Gorkha 
(0.0037) and Northridge (0.0036) at the second storey. Likewise, for M2L10, the 
maximum storey drift of 0.0043 was caused by El-Centro at the fifth storey and is 
followed by Gorkha (0.0042) and Northridge (0.004) at the third storey. Similar to PA, 
all ground motion in NTHA causes drift exceedance in M2L10 structures.  Figure 12 
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represents the maximum storey displacement in both models M1L5 and M2L10 for both 
positive and negative directions of the selected ground motion databases. Considering 
the responses, both structures are more vulnerable to the El-Centro Earthquake, when 
compared among selected ground motions for performing NTHA. It is to be noted that 
even when dealing with the same structure, and same scaled spectra is used, the 
responses (drift, displacement, and base shear) obtained from all three-ground motion 
varies. These variations are due to characteristics of the ground motion, such as 
dominant frequency content, duration of earthquake, and acceleration response 
(6,33,54).  

 

Figure 11: Maximum Storey Drift ratio due to selected ground motions for a) M1L5, b) 
M2L10 

  

Figure 12: Maximum Storey Displacement due to selected ground motions in both directions 
for a) M1L5, b) M2L10 
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4. DISCUSSION 

The comparison between the structural responses from different seismic procedures can be 
visualised from Figures 14, 15, and 16. From the response comparison, Elastic RSA shows 
a larger deflection when compared to nonlinear PSA and NTHA analysis. RSA=5, though 
it comprises reduction factors, overstrength factors, and effective stiffness, does not tend to 
capture nonlinear effects, and has lower responses when compared with Nonlinear 
analysis. Both M1L5 and M2L10 structures passed on the RSA, whereas M2L10 failed by 
drift exceedance in both NSA methods, which indicates that inelastic deflection demand, 
especially in high-rise structures, is not properly estimated by RSA methods. However, 
RSA offers faster computation and can act as a quicker alternative to complex NSA for 
preliminary evaluation of the structure. The preliminary RSA analysis must be followed by 
nonlinear methods to delve further into inelastic seismic response of the structure and its 
effect on the structural integrity.  

NTHA and PA, both as nonlinear seismic analyses, almost show similar behaviour of the 
responses of the structure. Moreover, NTHA requires higher computing time when 
compared with other nonlinear procedures, such as PA, but the results shown by NTHA are 
exact and represent a precise dynamic representation of the structure. (61,62). However, 
PA, being a static procedure, does not focus on the dynamic behaviour of the structure, as 
the loading itself is a monotonic push; no reversal effect of loading is considered. 
Moreover, it focuses on lower fundamental loads and material straining without 
considering sources of energy dissipation such as kinetic energy, duration effects, and 
viscous damping. (43). Since the structures modelled in this study are symmetrical, regular, 
and low-rise structures, the performance of the PA could predict better responses under 
seismic action. However, the PA tends to overestimate the strength and stiffness, which can 
lead to underestimating the displacement demand. In contrast to PA, NTHA does account 
for dynamic effects while analysing structural behaviour, making it more precise in 
capturing earthquake effects on the structural response of the structure. It is crucial to 
select the appropriate number of ground motions, as the results are not realistic for lower 
records to have definite conclusions. (63). In contrast, a higher number of records will 
provide more accurate and realistic results when compared with responses obtained from 
other procedures. 

Every method applied in this study (RSA, EF, PA, NTHA) has its strengths and 
weaknesses. RSA, being faster in computation, is preferred in preliminary seismic design 
of the structure. NTHA are more sophisticated and can provide appropriate responses of 
the structure against seismic events and thus can simulate the effects of real earthquakes on 
buildings. On the other hand, if the objectives of the analysis are simplicity and cost 
efficiency, PA could provide approximate nonlinear structural responses. The newer 
improvised PA methods are more versatile and can provide similar responses when 
compared with the realistic responses of NTHA. The preferability of using procedures may 
be based on varied reasons such as availability, computational cost, precision, importance 
factor of the structure, seismic zones, and engineering proficiency. The purpose of any 
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individual procedure cannot be discarded or even preferred for a particular reason. It is 
suitable to state that the prime focus of seismic analysis is to be given to the safety of the 
structure without any life-threatening damage and risk of collapse under possible future 
severe earthquakes.  

 

Figure 13: Comparison of Storey Displacement among different seismic analysis methods for 
a) M1L5, b) M2L10 

 

 

Figure 14: Comparison of Storey Drift ratio among different seismic analysis methods for a) 
M1L5, b) M2L10 
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Figure 15: Comparison of base shear among different seismic analysis methods for a) M1L5, 
b) M2L10  

 

5. CONCLUSION 

This study introduced two Bare RC SMF Buildings and modelled under the design 
guidelines of IS 1893:2016 using ETABS(v22). RSA, PA, and NTHA are considered for 
seismic analytical procedures, and further  ATC-20 and FEMA 356 are followed for PA 
analysis. The results from all analytical methods are achieved and are compared 
thoroughly to reach certain conclusions, which are explained below: 

1. LSA procedures are better in the preliminary design of the structure. Element sizes can 
be approximated using RSA and ESF, and probable limitations in structural responses, 
such as drift ratio, base shear, and roof displacement, could be checked. LSA assumes 
the structure to be elastic and compensates for the inelasticity effects, due to which the 
real structural behaviour cannot be determined under earthquake forces. 

2. PA generates results faster even when performing nonlinear analysis procedures. PA 
provided the performance point of the structure (M1L5 = 42.04mm, M2L10 = 
87.55mm), which gives the maximum expected response of the structure under the 
provided seismic demands. Plastic hinges were formed on the beams only for both 
models, suggesting a strong column-weak beam mechanism.  

3. NTHA under an individual ground motion has shown lower responses when compared 
with PA for low-rise structures, but are marginally aligned for high-rise structures. PA is 
computationally easier when compared with NTHA analysis, as the selection of 
appropriate individual ground motion and the scaling process of NTHA are complex.  

4. For both M1L5 and M2L10, deflection and drift demand is shown higher in RSA=1, 
which is followed by NSA methods (PSA, NTHA). RSA with reduction factor (R=5) is 
found to show lower deflection among other structures. For, base shear, NSA shows 
higher values in both M1L5 and M2L10. Additionally, M1L5 with high acceleration 
demand and lower fundamental time period, acts as stiff structure leading to higher 
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seismic force demand. In contrary, M2L10 is flexible structure which induce larger 
deformation and drift demand with larger fundamental time period.  

5. All procedures, such as RSA, ESF, PA, and NTHA, have their strengths and 
weaknesses. The required procedures are selected on the basis of computational cost, 
efficiency, precision, availability, and complexity of structure.   
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