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ABSTRACT 
 
 
Bangladesh is situated in a seismically active region with a moderate seismic risk. The 

country has been divided into four seismic zones following the concept of Maximum 

Considered Earthquake (MCE) with a return period of 2475 years. A number of 

infrastructures have already been built in order to fulfill the increasing demand of urban 

population. Bangladesh National Building Code (BNBC) has been updated to a draft 

BNBC 2017 to consider the realistic design guidelines. The code considers the cracked 

section properties for designing a structure at a factored load level. A comprehensive 

study is conducted in the current thesis to assess the seismic performance of buildings 

considering cracked section properties of the structural members. For comparative 

seismic assessment, a regular plan of 6-, 10-, and 15-storey RC frame buildings 

designed with gross section and cracked section (BNBC-2017 draft) properties of RC 

members using conventional force-based design approach. All the considered buildings 

are analyzed using nonlinear static pushover analysis. The obtained results show that 

the inter-storey drift at design load of RC frames designed using gross section property 

is well within the prescribed limit of maximum permissible inter-storey drift while that 

of cracked section properties is beyond the maximum permissible inter-storey drift 

limit. The higher column reinforcement demand is shown for buildings with cracked 

sections that those of gross sections and this value is higher for exterior and corner 

columns (27.4% increase for 6-storied) than those of the interior columns. Response 

reduction factors of the buildings with gross section properties result higher values than 

those of the cracked section buildings. R values always fall below the design R for the 

cracked section buildings and it is obtained 3.23 instead of R value of 5 for the 

considered 6-storied building.  
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Chapter 1 

INTRODUCTION 
 

1.1 General 

Bangladesh is surrounded by a number of tectonic blocks responsible for many 

earthquakes in the past. Five major faults are significant for the occurrences of 

devastating earthquakes as global seismic hazard maps indicate that Bangladesh is 

located in a moderate to high seismic hazard zone. Over the last few decades, 

construction of reinforced concrete (RC) buildings has rapidly increased, replacing other 

construction materials, like adobe, wood and brick masonry, in Dhaka city as well as in 

other parts of the country. The seismic design as per Bangladesh National Building Code 

(BNBC) has been subjected to rapid developments to ensure ductile behavior and safe 

performance of the designed structures under possible future earthquakes. The seismic 

design standard/code of major countries across the world including BNBC 2006 to 

upcoming 2017(draft) use the force-based design (FBD) approach. The FBD approach 

of BNBC code defines the intended performance of no damage during minor earthquake 

and no collapse during major earthquake. In FBD approach, the ductility and good post-

yield behavior with appropriate design and detailing are considered through the use of 

response reduction factor (R). The buildings are designed for the forces estimated using 

code procedure based on fundamental time period evaluated using the empirical equation 

and checked for the inter-storey drifts at the design loads. However, design forces and 

inter-storey drifts depend on modeling assumptions and vary significantly depending on 

how much effects of cracking on RC members are considered in analysis of structural 

model.  

During analysis of RC structures under the combined effect of gravity and seismic loads, 

the designers take into account the appropriate, effective or gross moment of inertia to 

evaluate the flexural stiffness/rigidity of structural members such as slabs, beams, shear 

wall and columns. Due to the effects of gravity and seismic loads, few critical members 

of the structure will reach close to yielding and cracks are developed on bending tension 

side of RC members. Therefore, the flexural stiffness (EI) of RC members starts 

decreasing. Because of substantial decrease in flexural stiffness, the lateral deflection of 

RC members and structure is increased and it can be considerably larger as compared to 

that of the deflection evaluated based on gross flexural stiffness. Moreover, the 
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fundamental time period, deformation, internal forces and dynamic responses may be 

altered due to the reduction of flexural stiffness. Therefore, proper estimation of flexural 

rigidity of RC members is important for evaluating the accurate seismic responses of 

building and force and deformation demands imposed on the building. To take into 

account the cracking effects of RC frame member under forces, design code of major 

countries recommends the effective moment of inertia of frame elements as a certain 

fraction of gross moment of inertia. The upcoming BNBC- 2017(draft) recommends 

effective moment of inertia at factored load level of 70% of the gross inertia (Igross) of 

columns and 35% of Igross of beams for the structural analysis of RC structures. Current 

BNBC 2006 does not have any such provisions of effective moment of inertia for RC 

members explicitly. It seems that it is a common practice to analyze and design the 

structures using gross moment of inertia of slabs, beams, shear wall and columns as no 

information regarding the effective stiffness is mentioned. There might be a concern that 

the existing buildings, recently completed buildings as well as buildings under 

construction based on BNBC 2006, may get some safety issues from the serviceability 

and strength requirements evaluated based on effective flexural stiffnesses as per 

upcoming BNBC-2017(draft). This would result in concern in the minds of structural 

designers/civil engineers and the owners/people who would use it. 

1.2 Background of the study 

Seismic design codes are often subjected to improvements after each earthquake disaster 

and old constructions maybe left unprotected by new technology. The equivalent lateral 

force (ELF) design procedure is one of the most common seismic design methods 

adopted in different codes such as ASCE 7, Eurocode 8, BNBC-2006. ELF design is also 

called force-based design (FBD), which proposes minimum strength requirements as 

reduced by response reduction factor, R. In FBD, design forces and inter-storey drifts 

depend on modelling assumptions and vary significantly due to the effects of cracking of 

RC members. As per BNBC-2006, designers/engineers may consider gross moment of 

inertia to evaluate the flexural stiffness/rigidity of beams and columns of RC structures 

as no specific guidelines were stated. Therefore, forces and deformation demands 

imposed on the building will be varied depending on the appropriate flexural stiffness of 

RC members. Many researchers had evaluated the reduced factor for the stiffness of RC 

columns and beams to account for the cracking under seismic loadings. The upcoming 

draft BNBC-2017 recommends effective moment of inertia of 70% of gross inertia of 
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column and 35% of gross inertia of beam for the analysis of RC frame structures under 

factored load level.  

Therefore, the present study will investigate the seismic responses of RC frame buildings 

analyzed and designed as per draft BNBC-2017 considering the gross/uncracked section 

and effective/cracked section property of the frame members. The seismic performance 

in terms of global pushover curve, maximum base shear, inter-storey drift of the RC 

frames will be evaluated using the nonlinear static or pushover analysis.  

1.3. Objectives of the research 

The objectives of the present study are as follows: 

(i) To design RC frame buildings as per BNBC 2017(draft) considering gross/uncracked 

section and effective/cracked section to assess the level of seismic performance. 

(ii) To evaluate the response reduction factor, R for such RC frame systems using 

nonlinear static (pushover) analysis. 

(iii) To compare the maximum base shear, displacement at the base shear and inter-storey 

drift of the buildings based on gross and cracked section properties. 

1.4. Outline of Methodology 

In order to achieve the above selected objectives, the research work have been initiated 

by reviewing the seismic provisions of BNBC 2017(draft) and available literature. RC 

frame building with 6, 10 and 15-storied have been designed considering cracked and 

gross properties of RC members as per draft BNBC-2017. These structures have been 

then subjected to nonlinear static procedure (NSP). The analysis has included progressive 

damage of elements by inserting appropriate hinges as the structure has been laterally 

pushed through. The resulting capacity curve (Base shear vs. roof deflection) has 

represented structure’s performance showing progressive yielding of members and 

ductility demand of a structure. Earthquake demand for the structure has been established 

as per site condition and draft BNBC-2017 specified seismic zone coefficient. NSP 

analysis has been carried out using the commercial finite-element software ETABS 18 

in order to estimate the capacity curves using the nonlinear modeling parameters 

provided in ASCE/SEI 41-13. Belletti et al. (2013) shows that the more popular lumped 

plasticity model provides reasonably accurate results in predicting the force–deformation 

behavior of RC frame members. This modeling technique is widely used for seismic 
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performance evaluation. This approach has been used in the current study. The buildings 

have been considered to be supported by either rigid mat foundation or individual footing 

and assumed as fixed at the base. Seismic performance in terms of global pushover curves 

have been determined for each building. Finally, response reduction factor, R has been 

evaluated for such buildings. 

1.5 Scope of the work 

In this thesis, the comparative seismic assessment of 6, 10, 15-storied RC frame buildings 

designed with gross/uncracked section and effective/cracked section properties of the 

members using conventional force-based design approach. RC frames of different 

number of stories are designed considering seismic base shear coefficient based on 

empirically obtained period of the building as recommended in upcoming BNBC-

2017(draft). All the considered frames are analyzed using nonlinear static or pushover 

analysis.  

1.6 Organization of the thesis 

The thesis paper is organized into total five chapters. Apart from chapter one, the 

following chapters are organized as follows: 

Chapter 2: This chapter named “Literature Review” describes different RC framing 

systems, national and international code provisions like BNBC-2017 (upcoming BNBC), 

ASCE, Euro-code for seismic response, components of seismic response reduction 

factor, linear and nonlinear analysis procedures.  

Chapter 3: This chapter named “Numerical Analysis” describes various RC building 

structures with different beam and column sizes, cracked section properties, loading and 

load combinations, hinge properties, hinge locations and seismic details. The chapter also 

includes “Model validation” section to validate the current analysis model compared with 

that of the model available in literature. In this chapter, previous research and modeling 

relevant to the similar type of structure is presented and compared the results in terms of 

nonlinear base shear coefficient versus top roof displacement curve (pushover curve). 

Chapter 4: This chapter named “Results and Discussions” presents structural 

performance of all building models considered in the current study. Numerical results 

both from linear and nonlinear analyses are presented in this chapter. Response reduction 

factor, R for structural systems computed from different buildings have been compared. 
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The maximum base shear, displacement at the maximum base shear and inter-storey drift 

of the buildings based on gross and cracked section properties computed from different 

models have been provided.  

Chapter 5: This chapter named “Conclusions and Recommendations” presents 

conclusions derived from the present study and recommendation for future research. 
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Chapter 2 

LITERATURE REVIEW 

2.1 Introduction 

Seismic performance assessment is an important aspect of earthquake engineering. In 

seismic design both seismic demand and capacity are not only inter-dependent but also 

uncertain. To conduct seismic performance assessment considering gross and crack 

sections in case of reinforced concrete (RC) buildings, modeling of the structure with 

provision of material and geometric nonlinearity is essential. In nonlinear range, 

structural components go through the progressive cracking until failure. Building codes 

suggest reduced stiffness, i.e. moment of inertia, of structural elements to simulate this 

cracking phenomenon of the members under factored load levels. Therefore, modeling 

of building structures with cracked sections gives an insight of realistic behavior.  

The damages and the economic losses during the major earthquakes required 

modification in seismic analysis. Design codes have been updated continuously 

considering previous damages of the structures. The upcoming BNBC-2017 (draft) 

recommends effective moment of inertia for structural members while BNBC-2006 does 

not have such provisions explicitly. 

The design of building structures under earthquake loading has typically been based on 

results from conventional linear analysis techniques. The engineer normally faces a 

challenge for the design of reinforced concrete buildings because the material is 

composite and displays nonlinear behavior due to the complex interaction between its 

components – reinforcing bar and the concrete matrix. To effectively design reinforced 

concrete structures, modeling of the structural components is vital considering a linear-

elastic analysis approach. 

2.2 Seismic Performance of Buildings considering RC Cracked and Gross Section 

If the applied moment on a concrete section is more than the cracking moment, then the 

section is said to be a cracked section. When the external load is applied in positive 

curvature then the compressive stress will develop above the neutral axis of a section and 

tensile stress will generate below the neutral axis. Concrete is very weak in tension and 

its tensile strength is considered to be one-tenth of its compressive strength. Since 

concrete is weak in tension and a time will arise when the tensile stress developed in 
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concrete is more than the tensile strength, the section will get cracked and whole tensile 

stresses is, therefore, now be borne up by reinforcing steel in a RC section. The concrete 

area is found to be ineffective as it already got cracked and is unable to withstand tensile 

stresses. Generally, the first tensile crack occurs at a stress value of 0.7 √𝑓′𝑐 MPa and 

this is called modulus of rupture or flexural tensile strength of concrete under bending. 

If the applied bending moment is less than the cracking moment, then the section is said 

to be an uncracked section. In such case, moment of inertia of a RC section can be taken 

as gross moment of inertia for the whole section. Concrete can easily take up such tensile 

stress and the whole concrete area is also found to be effective; referred to as uncracked 

section. 

In RC buildings structures, the flexural stiffness reduction of structural elements such as 

beams, columns, shear walls and slabs due to concrete cracking plays an important role 

in the nonlinear load-deformation response. The concrete cracking may amplify the 

deflection of the building. The excessive lateral deflection may also result in large 

second-order P-delta effects. A review of the different cracking models proposed for 

finite element analysis of structural elements is given in the ASCE report (1982). Smith 

and Coull (1991) studied the cracked concrete stiffness in tall buildings. The main 

parameters affecting the stiffness of the cracked concrete elements are modulus of 

elasticity and so-called effective moment of inertia. The recommendations for main 

parameters vary significantly mainly due to different interpretations of test data and 

different behavior models. 

Seismic analysis and design of reinforced concrete structures are based on linear 

response; however, it is universally accepted that under severe earthquakes inelastic 

response and cracking are accepted. Therefore, element properties should reflect this 

condition and inertias of beams, columns, shear walls and slabs should be reduced 

accordingly. 

2.2.1 Effect of concrete cracking on the lateral response of RC buildings 

Paulay (2001) investigated on seismic design and the ductile behavior of horizontal 

force-resisting structural elements and concluded that the entire building structure can be 

simulated adequately by simple bilinear force-displacement relationships. This helped 

displacement relationships between the system and its lateral force-resisting elements at 

a particular limit state. A redefinition of yield displacements and consequently stiffness 
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which allowed much more realistic predictions of the most important feature of seismic 

response were stated by the author. Paulay (2002) studied the estimations of displacement 

capacities of ductile system and provided redefinitions of some properties of reinforced 

concrete structure. He showed that for a RC coupled walls, flexural rigidities, EcIe, of 

prismatic components, whereas the modulus of elasticity of the concrete and Ie is the 

second moment of effective area of the cracked reinforced concrete section can be used. 

This rigidities is usually expressed in terms  of  a  fraction  of  the  second  moment  of  

the  gross concrete sectional area, Ig. He mentioned that values of Ie/Ig, recommended in  

some  codes  or  design practice,  vary  in  a  wide  range  of  0.2  to  1.0.   

Chan and Wang (2006) studied different RC building plans which fulfill usefulness of 

stiffness measures as far as maximum lateral displacement and inter-storey drift. They 

found that the deflection profiles for the linear analysis and nonlinear cracking analysis 

of the linear-elastically structure are different. They also reported that there was a 

sizeable difference in the lateral deflection between the elastic analysis and the nonlinear 

cracking analysis of the structure and therefore resulted in an inadequate design when the 

concrete cracking effects considered.  

An experimental program was conducted by Elwood and Eberhard (2006) to investigate 

existing and proposed models of the effective stiffness of reinforced concrete columns 

subjected to lateral loads. A total of 329 concrete columns was considered in the 

experimental study. They showed that existing models appropriate for design 

applications tend to overestimate the measured effective stiffness and are considered 

inaccurate. They showed that three-component model that explicitly accounts for 

deformations due to flexure, shear, and anchorage-slip provided a more accurate estimate 

of the measured effective stiffness for the database columns.  

 

Ahmed et al. (2008) studied the effect of concrete cracking on the lateral response of 

building structure. They surveyed the different expressions of the modulus of elasticity, 

modulus of rupture, moment of inertia in cracked state proposed by different researchers 

and codes. They studied four and eleven storied buildings with different aspect ratios 

with an aim to figure out the effect of concrete cracking. They reported that top storey 

deflection and storey drift were increased to a sizable amount after incorporating the 

cracking of the concrete members. For high-rise structural system, the storey drifts after 
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incorporation of cracking effect had enhanced appreciably. The increase in storey drift 

was as high as 55%.  

Pique and Burgos (2008) investigated on seismic analysis and design of reinforced 

concrete structures which were based on linear response. They considered different 

reduced inertias of beams and columns due to cracking under severe earthquakes. In their 

study, they reported that most world seismic standards do not establish effective stiffness 

for seismic analysis, although all of them accept inelastic incursions. They concluded 

that cracking must be considered in seismic analysis of building structures and thus to 

get realistic building’s lateral displacement. 

Luo et al. (2009) investigated the method of stiffness reduction adopted to consider 

inelastic characteristics of reinforced concrete in a concrete structure. They reported that 

bridge code of China still uses amplified coefficient of eccentricity to consider nonlinear 

characteristics of reinforced concrete. In their research, they adopted the numerical 

integral method to computerize simulation and analyzed the regulation of the stiffness 

change for rectangular section reinforced concrete bridge pier under different axial 

compression ratio and different forces of horizontal earthquake action. They suggested 

that the stiffness reduction factor of rectangular section reinforced concrete bridge pier 

can be taken as 0.3, which was an average value for the considered analyses.  

Bonet et al. (2011) mentioned that structure codes (ACI-318) and (EuroCode–2) 

proposed the moment magnifier technique to consider the second-order effect to design 

slender reinforced concrete columns. However, the accuracy of this method depends on 

the effective stiffness EI of slender columns. They developed a new EI equation which 

can be effectively used for designing the slender reinforced concrete columns with 

sufficient accuracy.  

Vidovic et.al. (2012) studied the most recent outline in the seismic design of structures 

as per Eurocode 8 considering the impact of cracking while at the same time assessing 

the stiffness of concrete element – the stiffness consequences for the size of the seismic 

forces and lateral displacements. They considered a residential building with a basement 

and six floors having different flexural stiffnesses as per different codes under seismic 

loadings. They concluded that horizontal displacements varied lesser than that of internal 

forces due to the variation of cracked stiffness of the structural elements of the building. 
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Liu et al. (2012) investigated the flexural stiffness reduction factor of reinforced concrete 

columns with equal L-shaped considering characteristics of material and geometrical 

nonlinearities. They concluded that the axial load level does have an influence on the 

stiffness reduction factor. In addition, they suggested that stiffness reduction factor of 

reinforced concrete columns with equal L-shaped sections and an axial load level below 

0.35 has an average value of 0.4.  

Causevic et.al. (2012) presented results obtained from analysis of two typical structures 

of six and eleven storied with a basement and ground floor. Both structures were analyzed 

in accordance with the Non Collapse Requirement (NCR) and the ductility class medium 

(DCM) was adopted as per Eurocode. From their analyses, it was observed that stiffness 

reduction resulted in an increase of section forces in slabs, and in a decrease of such 

forces in columns and beams. They also concluded that section forces in slabs, beams 

and columns were increased with the reduction of the RC wall stiffness.  

Tang and Su (2014) reviewed the available simplified shear and flexural models suitable 

for structural walls. A database comprised of walls subjected to reverse-cyclic loads was 

formed to evaluate the performance of each model. They reported that for shear 

deformation dominated walls, use of intact shear stiffness following ACI318-11 or a 0.5 

stiffness reduction factor following EC8 could result in underestimating the period at 

yield by 55% or 37%, respectively.  

Das and Choudhury (2019) studied the performance of RC frame buildings considering 

three categories of member stiffness, namely, gross section stiffness, effective stiffness 

given in FEMA-356 and computed effective stiffness based on strength. They assessed 

the performance of the buildings with these three categories of stiffness and with different 

heights and plans. They concluded from the results of nonlinear analyses that the use of 

gross stiffness underestimated the response parameters of the building under seismic 

conditions. In addition, the inter-storey drifts of buildings analyzed with gross stiffness 

were much lower than those of buildings with effective stiffness based on strength. 

Therefore, to know the actual performance of the buildings under seismic action, actual 

effective stiffness based on strength need to be used.  

2.3 Seismic design standards/codes of major countries across the world  

Most of the standards/codes of major countries across the world including Bangladesh 

use the force-based design (FBD) approach. Analysis of RC structures using the FBD 
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under the gravity and seismic loads, the designers normally take into account the 

appropriate, effective or gross moment of inertia to evaluate the flexural stiffness/rigidity 

of beams, columns, walls and slabs to account the cracking effects of RC frame members. 

This section aids structural engineers by providing a summary of the range of stiffness 

modifiers recommended by different building codes. A literature review of codes, 

standards, and research articles is also provided in following sub-sections.  

2.3.1 American Standard (ACI 318)  

ACI 318-11 is referenced by the 2012 International Building Code (IBC). Sections 8.8.1 

through 8.8.3 provide guidelines for effective stiffness values to be used to determine 

deflections under lateral loading. In general, 50% of the stiffness based on gross section 

properties can be utilized for any element, or stiffness can be calculated in accordance 

with Section 10.10.4.1. ACI 318-14 contains the similar recommendations for stiffness 

modifiers reformatted in Section 6.6.3. 

2.3.2 New Zealand Standard (NZ 3101)  

NZS 3101: Part 2 (2006 Edition) states that effective stiffness in concrete members is 

influenced by the amount and distribution of reinforcement, the extent of cracking, 

tensile strength of the concrete, and initial conditions in the member before loads are 

applied. This standard recommended effective stiffnesses for different members to 

simplify the complex analysis that would be required to address these factors. However, 

the level of loading used in NZS 3101 seems different from that of U.S. codes.  

2.3.3 Canadian Standards (CSA A23.4-14) 

CSA A23.4-14 provides recommended stiffness modification factors in Section 

10.14.1.2. These factors are provided to determine the first-order lateral storey 

deflections based on an elastic analysis. The Canadian Standards are based on an 

earthquake with a 2% probability of exceedance in 50 years. 

2.3.4 European Code (EN1994–2003) 

According to Eurocode 8 (EN1994–2003), the elastic stiffness of the bilinear force-

deformation relation in reinforced concrete elements should correspond to that of cracked 

sections and the initiation of yielding of the reinforcement. Unless a more accurate 

analysis of the cracked elements is performed, this standard recommends that the elastic 
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flexural and shear stiffness properties of concrete elements are taken as 50% of the 

corresponding stiffness of the uncracked element. 

Part 3 of Eurocode 8 provides an equation based on moment-to-shear ratio and yield 

rotation, which can be used for determination of a more accurate effective stiffness. Both 

ultimate level and serviceability level loads are addressed in Eurocode 8 for linear and 

nonlinear analysis. 

2.3.5 Turkish Standard (TEC 2007) 

Turkish TS 500-2000 refers to the Turkish Earthquake Code (2007) which states that 

uncracked properties shall be used for components when performing certain types of 

analyses. However, stiffness modifiers for cracked section properties may be utilized for 

beams framing into walls in their own plane and for coupling beams of coupled structural 

walls when performing these types of analyses. Cracked section properties must be used 

for the analysis of existing structures. Cracked section properties may also be used when 

performing advanced analyses. 

2.3.6 Indian Standard (IS 1893-2016) 

The stresses in concrete and steel shall be calculated by the theory of cracked section in 

which the tensile resistance of concrete is ignored. If the calculated stresses are within 

the permissible stress specified section may be assumed to be safe. The maximum stress 

in concrete and steel may be found based on the cracked section theory. As per section 

6.4.3.1 - moment of inertia has to take in RC frame and masonry structure as 70% of 

moment of inertia of column and 35% moment of inertia on beam. Reduced second area 

of moments need to be applied for slabs and walls as well, along with the beam and 

columns. 

2.3.7 Bangladesh National Building Code (BNBC-2017 Draft) 

Section 6.3.10.4.1 of draft BNBC-2017 shows that it shall be permitted to use the 

following properties for the members in the structure: 

For Column: I= 0.7Ig, Beam: I= 0.35Ig, Wall (Cracked): I= 0.35Ig, Wall (Gross): I = 

0.7Ig, Plates and Flat Slab: I = 0.25Ig. 

Alternatively, the moments of inertia of compression and flexural members shall be 

permitted to be computed as follows: 
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𝑑 

Compression members: 

𝐼 = (0.80 + 25 𝐴𝑠𝑡/Ag) (1 −  M𝑢/(𝑃𝑢 h)  − 0.5 𝑃𝑢/P0) 𝐼𝑔 ≤ 0.875𝐼𝑔        

               

Where, 𝑃𝑢 and M𝑢 shall be determined from the particular load combination under 

consideration, or the combination of 𝑃𝑢 and M𝑢 determined in the smallest value of 𝐼. 

The value of 𝐼 need not be taken less than 0.35𝐼𝑔. 

Flexural members: 

𝐼 = (0.10 + 25𝜌) (1.2 − 0.2 𝑏𝑤/d) 𝐼𝑔 ≤ 0.5𝐼𝑔                                                       

For continuous flexural members, 𝐼 shall be permitted to be taken as the average of values 

obtained from Eq.6.6.16 for the critical positive and negative moment sections. The value 

of 𝐼 need not be taken less than 0.25𝐼𝑔. The cross-sectional dimensions and reinforcement 

ratio used in the above formulas shall be within 10 percent of the dimensions and 

reinforcement ratio shown on the design drawings or the stiffness evaluation shall be 

repeated. 

The effective moment of inertia of RC frame members suggested by the seismic code of 

major counties is shown in Table 2.1 

Table 2.1: Effective moment of inertia of beam and column as per different codes 

Different Codes Beams 
 

Columns 
 

Wall un-
cracked 

 

Wall cracked 

BNBC- 2017 (draft) 0.35Ig 
 

0.70Ig 
 

0.70Ig 
 

0.35Ig 
 

IS 1893-2016 0.35Ig 
 

0.70Ig 
 

0.70Ig 
 

0.70Ig 
 

ACI 318-14 (2000) 0.35Ig 
 

0.70Ig 
 

0.70Ig 
 

0.50Ig 

Eurocode-8 (1994–
2003) 

0.50Ig 
 

0.50Ig 
 

0.50Ig 
 

0.50Ig 

NZS 3101(1995) 0.35Ig 
 

0.40Ig–0.70Ig 
 

0.50Ig 
 

0.25Ig–0.40Ig 

CSA A23.4-14 0.35Ig 
 

0.70Ig 
 

0.70Ig 
 

0.35Ig 
 

TEC 2007 0.4Ig 
 

0.80Ig 
 

N/A 0.40Ig–0.80Ig 
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2.4 Structural performance levels and ranges 

The performance of a building under any particular event is dependent on a wide range 

of parameters. These parameters are defined in ATC-40 (1996) and FEMA 356 (2000) 

qualitatively in terms of the safety afforded by the building to the occupants during and 

after the event; the cost and feasibility of restoring the building to pre-earthquake 

condition; and economic, architectural, or historic impacts on the larger community. 

These performance characteristics are directly related to the extent of damage that would 

be sustained by the building. Following sub-sections describe the different performance 

levels briefly: 

2.4.1 ATC-40 

A performance level describes a limiting damage condition: which may be considered 

satisfactory for a given building and a given ground motion. The limiting condition is 

described by the physical damage within the building, the threat to life safety of the 

building’s occupants created by the damage, and the post-earthquake serviceability of 

the building. Target performance levels for structural and nonstructural systems are 

specified independently. Table 2.2 shows the performance levels of buildings as per 

ATC-40. 

Table 2.2: Performance Level of Buildings (ATC-40) 

Level of Performance Description 

Operational Very little damage, temporary drift, structure retains 

original strength and stiffness, all systems are normal. 

Immediate occupancy Little damage, temporary drift, structure retains original 

strength and stiffness, elevator can be restarted, fire 

protection still works. 

Life Safety Fair damage, some permanent drift, some residual strength 

and stiffness left, damage to partition, building may be 

beyond economical repair. 

Collapse Prevention Severe damage, large displacement, little residual stiffness 

and strength but loading bearing column and wall function, 

being is closed to collapse. 
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2.4.2 FEMA 356 

Building performance is a combination of the performance of both the structural and 

nonstructural components. Table A1(Appendix A) describes the approximate limiting 

levels of structural and nonstructural damage that may be expected of buildings 

rehabilitated to the levels defined in the standard. On average, the expected damage 

would be less.  

Building performance in this standard is expressed in terms of target Building 

Performance Levels. These target Building Performance Levels are discrete damage 

states selected from among the infinite spectrum of possible damage states that buildings 

could experience during an earthquake. The particular damage states identified as target 

Building Performance Levels in this standard have been selected because they have 

readily identifiable consequences associated with the post-earthquake disposition of the 

building that are meaningful to the building community. These include the ability to 

resume normal functions within the building, the advisability of post-earthquake 

occupancy, and the risk to life safety. Due to inherent uncertainties in prediction of 

ground motion and analytical prediction of building performance, some variation in 

actual performance should be expected. Compliance with this standard should not be 

considered a guarantee of performance. Information on the reliability of achieving 

various Performance Levels can be found of (FEMA 274). 

A wide range of structural performance requirements could be desired by individual 

building owners. The four Structural Performance Levels defined in this standard have 

been selected to correlate with the most commonly specified structural performance 

requirements. Table A2 (Appendix A) relates these Structural Performance Levels to the 

limiting damage states for common vertical elements of lateral-force-resisting systems. 

Table A3 (Appendix A) relates these Structural Performance Levels to the limiting 

damage states for common horizontal elements of building lateral force-resisting 

systems. 

The federal emergency management agency in its report (FEMA-356, 2000) defines the 

structural performance level of a building to be selected from four discrete structural 

performance levels and two intermediate structural performance ranges. The discrete 

Structural Performance Levels are Immediate Occupancy (S-1), Life Safety (S-3), 

Collapse Prevention (S-5), and Not Considered (S-6). The intermediate Structural 
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Performance Ranges are the Damage Control Range (S-2) and the Limited Safety Range 

(S-4). The performance levels and ranges, as per FEMA are described in followings:  

Immediate occupancy structural performance level (S-1) 

Structural performance level S-1, immediate occupancy, may be defined as the post-

earthquake damage state of a structure that remains safe to occupy, essentially retains the 

pre-earthquake design strength and stiffness of the structure, and is in compliance with 

the acceptance criteria specified in this standard for this structural performance levels 

defined in the appendix A. 

Structural performance level S-1, immediate occupancy, means the post-earthquake 

damage state in which only very limited structural damage has occurred. The basic 

vertical and lateral-force-resisting systems of the building retain nearly all of their pre-

earthquake strength and stiffness. The risk of life-threatening injury as a result of 

structural damage is very low, and although some minor structural repairs may be 

appropriate, these would generally not be required prior to re-occupancy. 

Damage control structural performance range (S-2) 

Structural performance range S-2, damage control, may be defined as the continuous 

range of damage states between the life safety structural performance level (S-3) and the 

immediate occupancy structural performance level (S-1). 

Design for the damage control structural performance range may be desirable to 

minimize repair time and operation interruption, as a partial means of protecting valuable 

equipment and contents, or to preserve important historic features when the cost of design 

for immediate occupancy is excessive. 

Life safety structural performance level (S-3) 

Structural performance level S-3, life safety, may be defined as the post-earthquake 

damage state that includes damage to structural components but retains a margin against 

onset of partial or total collapse in compliance with the acceptance criteria specified in 

FEMA-356. Some structural elements and components are severely damaged, but this 

has not resulted in large falling debris hazards, either within or outside the building. 

Injuries may occur during the earthquake; however, the overall risk of life-threatening 

injury as a result of structural damage is expected to be low. It should be possible to 
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repair the structure; however, for economic reasons this may not be practical. While the 

damaged structure is not an imminent collapse risk, it would be prudent to implement 

structural repairs or install temporary bracing prior to re-occupancy. 

Limited safety structural performance range (S-4) 

Structural performance range S-4, limited safety, may be defined as the continuous range 

of damage states between the life safety structural performance level (S-3) and the 

collapse prevention structural performance level (S-5) defined in Table in the appendix 

A. 

Collapse prevention structural performance level (S-5) 

Structural performance level S-5, collapse prevention, may be defined as the post-

earthquake damage state that includes damage to structural components such that the 

structure continues to support gravity loads but retains no margin against collapse in 

compliance with the acceptance criteria specified FEMA for this structural performance 

level. 

Structural performance level S-5, collapse prevention, means the post-earthquake 

damage state in which the building is on the verge of partial or total collapse. Substantial 

damage to the structure has occurred, potentially including significant degradation in the 

stiffness and strength of the lateral-force resisting system, large permanent lateral 

deformation of the structure, and to more limited extent degradation in vertical load 

carrying capacity. However, all significant components of the gravity load resisting 

system must continue to carry their gravity load demands. Significant risk of injury due 

to falling hazards from structural debris may exist. The structure may not be technically 

practical to repair and is not safe for re-occupancy, as aftershock activity could induce 

collapse. 

2.5 Nonlinear static analysis (Pushover analysis)  

During seismic action, the building is expected to deform in-elastically and therefore 

seismic performance evaluation is required considering post-elastic behavior of the 

structure. Nonlinear static analysis or pushover analysis is generally carried out as an 

effective tool for performance evaluation of the structures under seismic loads. In 

nonlinear static analysis or pushover analysis, a building under constant gravity loads 

and monotonically increasing lateral forces during a seismic event is analyzed until a 
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target displacement is reached. Pushover analysis provides better understanding of 

seismic performance of buildings and also traces the progression of damage and failure 

of building’s structural elements. By pushover analysis, one may get an insight about the 

behavior of building in non-linear zone. 

2.5.1 Research studies on Pushover analysis 

Structural engineering has started using the nonlinear static procedure (NSP) or pushover 

analysis professionally due to its simplicity in nature and easy in calculation. A review 

of literature is presented in brief summarizing the research works on pushover analysis 

for building structures provided below: 

The pushover analysis method was firstly introduced by Freeman et al. (1975) as the 

Capacity Spectrum Method. The main purpose of this empirical approach was to use a 

simplified and quick method to assess the seismic performance of a series of 80 buildings 

located in a shipyard in USA. The study combined the use of analytical methods with 

site-response spectra to estimate values of peak structural response, peak ductility 

demands, equivalent period of vibration, equivalent percentages of critical damping, and 

residual capacities. It was concluded that it could perform, in most of the cases, a 

worthwhile evaluation of existing structures in a reasonable time-scale and cost. 

Freeman (1978) presented the Capacity Spectrum method in a clearer manner together 

with its application to two instrumented 7-storey reinforced concrete structures. The data 

obtained from the recorded motions were compared with the analysis results showing 

reasonable agreement. He cautioned engineers that the elastic modelling assumptions, 

e.g. the choice between cracked or uncracked sections, the inelastic stiffness degradation, 

e.g. appropriate reduction of structural elements’ stiffnesses in the post-elastic region, 

and the percentage of critical damping used to construct the demand spectra, and 

determination of the inelastic capacity needed careful judgment and some experience to 

be adequately defined and assessed. It was suggested that two levels of equivalent 

viscous damping should be assumed relating to the initial undamaged state and to the 

ultimate limit state in order to account for the effect of period lengthening that is usual 

when the structure enters the nonlinear region. Furthermore, it was concluded that more 

structures needed to be assessed to validate the method. 

Saidi and Sozen (1981) produced a ‘low-cost’ analytical model which was named the Q- 

Model for calculating displacement histories of multi-storey reinforced concrete 
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structures subjected to ground motions. The Q-model, which was based on the idea of 

Gulkan and Sozen  (1974), involved two simplifications, the reduction of a multi degrees 

of freedom (MDOF) model of a structure to a single degree of freedom (SDOF) oscillator 

and the approximation of the variation of the stiffness properties of the entire structure 

by a single spring to take account of the nonlinear force-displacement relationships that 

characterize its properties. Earthquake-simulation experiments of eight small-scale 

structures were performed and the displacement histories were compared with the results 

from nonlinear static analyses based on the Q-model. It was shown that the performance 

of the Q- Model in the simulation of high- and low- amplitude responses was satisfactory 

for most of the test structures. It was stated that the model would need to be further 

validated by more experimental and theoretical analyses. 

Fajfar and Fischinger (1988) presented a variation of pushover analysis, the N2 method, 

and assessed it on a seven-storey RC frame-wall building structure that had been 

experimentally tested in Tsukuba, Japan as part of the joint U.S.  – Japan research project. 

The authors used the uniform and inverted triangular load distributions to perform 

nonlinear static analyses of the structure. The pushover curves were compared to the 

dynamic experimental and analytical results showing considerable differences in their 

shapes. It was noted that the inverted triangular distribution was unconservative in 

estimating base shear demands due to the effect of higher modes. It was observed that 

the uniform distribution seemed more rational when shear strength demand was to be 

assessed. It was also observed that the nonlinear dynamic analysis of the equivalent 

SDOF system yielded in general non-conservative shear forces compared with the 

experimental and theoretical results. However, the target displacement at the ultimate 

limit state and the rotations of the floors were approximated satisfactorily compared with 

the experimental and theoretical results. 

Gaspersic et al. (1992) extended the N2 method by attempting to include cumulative 

damage; a characteristic resulting from numerous inelastic excursions. The test structure 

was the seven-storey reinforced concrete building tested in the U.S. – Japan research 

project. The seismic demands for each element were computed in terms of the dissipated 

hysteretic energy using the Park-Ang model (Park et al. 1985). The conclusions drawn 

were that the dissipated hysteretic energy increased with increasing duration of ground 

motion, and it was significantly affected by the reduction of strength of the structural 

elements. They also concluded that when the fundamental period of the structure was 
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much larger than the dominant period of the ground motion, the higher mode effects 

became an important issue.  In this case the input energy and dissipated hysteretic energy 

of a MDOF system were generally larger than the corresponding quantities in the 

equivalent SDOF system. The authors suggested that the N2 method was likely to 

underestimate quantities which governed damage in the upper part of a structure. 

Mahaney et al. (1993) utilized the Capacity Spectrum Method in four case studies of 

structures to evaluate their seismic response after the Loma Prieta Earthquake. The 

analyzed structures included one-storey and two-storey wood-frame residences, an 

eleven-storey reinforced concrete shear wall building and several framed buildings with 

brick infilled walls. In that study the ADRS spectra format was firstly introduced. The 

results indicated that the damped elastic earthquake displacement demands did not 

necessary equal the actual inelastic displacement demands as had been assumed. This 

can be attributed to the short predominant period of some of the structures which were 

not in the permissible region of applicability of the equal displacement rule. However it 

was stated that the damage predicted by the Capacity Spectrum Method was in good 

agreement with the observed damage for the eleven-storey reinforced concrete shear wall 

building.  

Fajfar and Gaspersic (1996) applied the N2 method to the standard seven-storey 

reinforced concrete building tested in Tsukuba, Japan in the joint U.S. – Japan 

collaboration, which had been tackled in previous studies. Three case studies were 

carried out. The first corresponded to the actual structure without any modeling 

modifications. Two additional variants of this model were considered. The first variant 

considered only the frame structure without the structural wall, and was denoted as 

Model 1. The second variant, Model 2, considered a weak first storey. These 

modifications however did not change the initial natural period of the structures. The 

conclusions drawn from the study were that for structures which vibrated primarily in 

the fundamental mode, the method could provide reliable estimates of global seismic 

demand. In most cases, the demands at the local level in terms of deformation, dissipated 

energy and damage indices could be adequate enough to be used in practice. The method 

could detect weaknesses such as storey mechanisms or excessive demands. However, it 

was also concluded that if higher mode effects became important, some demand 

quantities determined by the N2 method would be underestimated. Therefore, an 

appropriate magnification of selected quantities could be advantageous. No such 
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recommendations were provided. Additionally, the authors claimed that the N2 method 

appeared to be not very sensitive to changes in the assumed displacement shape and the 

corresponding vertical distribution of the loads, as well as the bilinear force-displacement 

idealization, which was not in agreement with other studies. The largest uncertainty on 

the interpretation and comparison of results was thought to have been introduced by the 

characteristics of each ground motion. Finally, it was acknowledged that bidirectional 

input and the influence of the coupling of the fundamental translational and torsional 

modes needed to be incorporated before the N2 method could be extended to the analysis 

of three-dimensional models of buildings. 

Faella (1996) carried out both nonlinear static and nonlinear dynamic analyses using 

artificial and natural earthquake records on 3-, 6-, and 9-storey symmetrical reinforced 

concrete structures, designed to EC8, which were characterized as high ductility 

structures standing on stiff soil. Results showed that pushover analysis could identify 

collapse mechanisms, critical regions that would need particular detailing, and also inter-

storey drifts and structural damage. It was suggested that for design purposes, inter-storey 

drifts and structural damage had to be computed for a top displacement larger than the 

target displacement calculated from the analyses. This could be achieved by the use of a 

coefficient which numerically increased as the number of storeys increased. However, 

he suggested that when carrying out pushover analyses it is necessary to compute the 

pushover curve at a target displacement higher than the one obtained from a nonlinear 

dynamic analysis. This would mean that a nonlinear dynamic analysis would be needed 

before conducting a pushover analysis. In this way though pushover analysis would not 

be needed therefore this approach is questionable. Finally, it was suggested that further 

analyses needed to be carried out to verify if this method could be an efficient tool for a 

range of input ground motion characteristics and for soft soil conditions. 

Kunnath et al. (1996) performed a seismic evaluation of a 4-storey reinforced concrete 

building subjected to five strong ground motions. The prediction of displacements from 

pushover analyses and nonlinear time-history analyses showed fairly good agreement – 

with a tendency for pushover analyses to be on the unconservative side. The authors 

recognized the considerable differences in the time and computational effort required, 

for the types of analyses. In terms of time management pushover analysis appeared to be 

superior. 
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Fajfar et al. (1997) utilised the N2 method to analyze the seismic response of light 

masonry-infilled frame structures. A series of physical pseudo-dynamic tests were 

carried out on a full scale four-storey reinforced concrete structure. Pseudo- dynamic 

seismic tests were conducted first on the bare structure. Then some of the bare frames 

were infilled and the new structure was subjected to subsequent pseudo-dynamic tests 

using one artificial ground motion. The results showed that the presence of infilled 

frames changed the response of the structure significantly. The authors concluded that 

the N2 method was able to predict adequately the seismic demand and seismic damages 

since the predicted results were similar to the results obtained by nonlinear dynamic 

analyses for different accelerograms for all the test structures. The displacement and 

storey drift demands, and the hysteretic energy dissipation were generally overestimated 

by the N2 method. This was attributed to the slippage of the reinforcing bars during the 

dynamic tests which caused relatively slow energy dissipation. It is unclear though if this 

slippage had been accounted for in the pushover analyses conducted. 

Tso and Moghadam (1997) proposed an extension of pushover analysis that included 

torsional effects, to compute the seismic response of two 7-storey reinforced concrete 

structures; one being symmetrical and the other asymmetrical. The method included the 

use of 3D elastic dynamic analyses of the models in order to provide the maximum target 

displacements for the lateral-load resisting elements. The force distributions across the 

structures derived from the dynamic analyses were used as static force distributions to 

carry-out a series of 2D pushover analyses. The results showed good estimates of floor 

displacements, inter-storey drifts and ductility demands for both types of structures. 

Kilar and Fajfar (1997) tested the effectiveness of their proposed method on an 

asymmetric 21-storey reinforced concrete structural wall building. The results shown that 

a larger ductility is required in an asymmetrical structure in order to develop the same 

strength as a symmetrical structure. It was concluded that the procedure was an effective 

tool to estimate the ultimate strength and global plastic mechanism, and provided 

information on the sequence of plastic yield formation across the structure.  

Bracci et al. (1997) introduced an adaptive pushover analysis and tested its effectiveness 

on a three-storey reinforced concrete frame building by comparing the analytical results 

with experimental values. The target displacement was found to be in agreement with the 

experimental displacement. The study focused mainly on identification of the failure 
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modes of the structure by inspecting the force-deformation relationships obtained from 

both experimental and analytical approaches. 

Satyarno et al. (1998), attempted to refine pushover analysis by introducing a compound 

spring element in the computer program RUAUMOKO capable of modelling plastic 

hinge regions that could take into account the flexural and shear properties of typical 

beam-column joints of existing reinforced concrete frame structures. The idea behind this 

element was that shear and/or flexural failure modes can occur after certain critical 

regions of the structure sustain significant inelastic flexural rotations. The authors argued 

that there can be a shift in the structures’ response from a flexural failure mode to a shear 

failure mode and this feature needs to be properly accounted for in pushover analyses. 

Additionally, the authors suggested an adaptive pushover method that utilized Rayleigh’s 

equation for calculating the period of vibration of the structure at every force increment. 

Aschheim et al. (1998) performed a comparison of the Capacity Spectrum Method and 

the Displacement Coefficient Method with results from nonlinear dynamic analyses for 

a large number of SDOF systems with various periods, strengths, and hysteretic models 

and on a three-storey reinforced concrete building. For the SDOF systems, the authors 

concluded that the displacement estimates from the pushover methods could be either 

conservative or unconservative, and showed great variability. None of these methods was 

reported to show any superiority on the accuracy of these estimates. Additionally, for the 

three-storey structure, the authors concluded that the pushover methods could both 

underestimate and overestimate significantly the displacement demands caused by 

various ground motions. In the case of short period structures, the displacement estimates 

were most probably overestimated. The main factor causing these differences was the 

variability of the individual ground motions used. 

Gupta and Kunnath (1999) performed an evaluation of pushover analysis on four isolated 

reinforced concrete walls with 8, 12, 16 and 20-storeys. The authors utilized two 

conventional load patterns (FEMA and uniform), and a load pattern that changed 

continuously depending on the instantaneous dynamic properties of the system. The 

results were compared with the results of the nonlinear dynamic analyses. Two critical 

issues concerning these types of structures were identified: amplification of base shear 

demands due to higher mode effects and progressive yielding. It was shown that the 

adaptive load pattern was able to capture accurately the base shear amplification and 
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progressive yielding while the other two patterns calculated base amplification demands 

of less than 50% of the ‘exact’. 

Iwan (1999) investigated the applicability of the Capacity Spectrum Method for the 

analysis of structures subjected to near-fault ground motions. The method was applied to 

SDOF and MDOF bilinear hysteretic systems. The conclusions regarding SDOF systems 

were that the CSM method did not give satisfactory results except for a very limited 

short-period range being near the dominant pulse period of the ground motion. 

Additionally, the performance points obtained using the equivalent viscous damping 

resulted in underestimation of the true inelastic response of SDOF systems with periods 

shorter than the predominant period of the earthquake pulse. The author stated that 

studies of MDOF systems showed that elastic SDOF analyses and elastic MDOF 

analyses correlated well only for structural periods shorter than the ground pulse 

duration. It was concluded that the Capacity Spectrum Method provided a reasonable 

estimation of the maximum roof displacement. However, for taller buildings it proved to 

be insufficient to predict the demands in the upper storeys. 

Matsumori et al. (1999) investigated the accuracy of pushover analysis in the estimation 

of ductilities across the floor levels on two 12-storey and three 18-storey reinforced 

concrete structures. The authors utilized two new lateral load patterns which were the 

sum and the difference of the storey shear distributions for the first two modes of 

vibration. Results showed that the ductility demands obtained were an upper bound when 

compared to nonlinear dynamic analysis results. 

Chopra and Goel (2000) suggested an improved capacity-demand-diagram method that 

used constant ductility design spectra for estimating the deformation of inelastic SDOF 

systems. The method suggested that the target displacement would be given by the 

intersection point where the ductility factor calculated from the capacity diagram 

matched the value associated with the intersecting demand curve. The authors pointed 

out that the original ATC-40 procedure underestimated significantly the deformation of 

inelastic systems for a wide range of natural periods, Tn and ductilities, µ compared to 

the deformation demands determined from the inelastic design spectrum. Several 

deficiencies in the ATC-40 procedure A were found since it did not converge for some 

of the systems analyzed. Also in the cases in which it did converge it yielded deformation 

estimates and ductility factors that were significantly different to those obtained from a 
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nonlinear time- history analysis. Some of the analyses showed that the above parameters 

were underestimated with up to a 50% error. Furthermore, the authors concluded that the 

ATC- 40 procedures were deficient relative even to the elastic design spectrum in 

estimating the peak deformation of an inelastic system with period Tn in the velocity-

sensitive or displacement-sensitive regions of the spectrum. 

Yang and Wang (2000) applied the pushover method to three frame structures of 8, 12, 

and 15 storeys and compared the results with nonlinear time-history analyses. The results 

provided were estimates of roof displacement and floor rotations. In one case a difference 

of up to 30% could be observed but generally results could be deemed satisfactory. The 

differences in the results were mainly attributed by the authors to the frequency contents 

of the ground motions used. Also it was noted that the bilinear representation of the 

pushover curves introduced errors in the estimation of the base shear and the yield 

displacement. These in turn resulted in differences in the calculated responses between 

analyses. 

Albanesi et al. (2000) proposed the use of variable-damping response spectra in the 

pushover method proposed in ATC-40 document to evaluate seismic response of 

nonlinear structures in terms of the maximum displacement and acceleration, given the 

structural initial elastic period, the yielding acceleration and the hardening ratio in the 

plastic range. The somewhat improved procedure was used to study elasto-plastic and 

Takeda degrading hysteretic SDOF systems and also a two-storey and a seven-storey 

existing reinforced structures. The results showed much variation in responses between 

hysteretic models and not any clear improvement on the effectiveness of the method. The 

degrading Takeda model was found to be more appropriate for modeling concrete 

behaviour than the elasto-plastic model even though the applicability of the latter was 

thought to be satisfactory. 

Peter and Badoux (2000) applied the capacity spectrum method to a 9-storey reinforced 

concrete building with reinforced concrete and masonry structural walls. The structure 

was subjected to two strong ground motions. Three types of lateral load patterns were 

used to simulate seismic behaviour in a static manner. These were the uniform 

distribution, the modal distribution and the modal adaptive force distribution. The 

conclusion the authors drew from their study were that the CSM method was adequate 

to estimate seismic demands such as inter-storey drifts. Furthermore, the uniform load 
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pattern proved to be quite effective. A need for more reliable structural models was 

acknowledged. 

Gupta and Kunnath (2000) investigated the effectiveness of the adaptive-spectra 

pushover procedure with respect to the other conventional pushover methods and the 

nonlinear time- history analyses on five reinforced concrete structures of 4, 8, 12, 16, and 

20 storeys. The results indicated increasing deviations in inter-storey drift responses for 

increasing height of buildings, between the conventional pushover methods and the 

nonlinear time-history analyses. It was also noted that great care should be taken when 

interpreting results from pushover analyses because they could obscure real deficiencies 

in a structural system and lead the engineer to recommend retrofitting of the structure 

when it is not needed while failing to address the real deficiencies. 

Fajfar (2000) applied the N2 method to a four-storey reinforced concrete frame structure 

subjected to three ground motions. The results were said to have been compared with 

experimental data provided from pseudo-dynamic tests of the model. The method was 

deemed acceptable for estimating seismic demands in planar structures. It was noted 

though that the type of spectra used were not adequate for estimating seismic response 

from near-fault ground motions, for soft soils, for hysteretic loops with significant 

stiffness or strength deterioration and for systems with low strength. 

Requena and Ayala (2000) discussed two variations of adaptive pushover analysis mainly 

concerned with the estimation of the contribution of the higher modes of vibration in the 

seismic response of building structures. These variations have been discussed in section 

2.4.5, named as approach 2-A, and approach 2-B. The approaches together with the 

fundamental mode distribution were tested on a 17-storey reinforced concrete frame and 

results of maximum displacement, inter-storey drifts and plastic hinge locations were 

compared with results from nonlinear dynamic analyses. Good agreement was achieved 

by both proposed methods with approach 2-B being slightly more efficient than 2-A. 

Furthermore, the authors investigated the changes in the first three modes of vibration of 

the structure when it behaved nonlinearly through a nonlinear static analysis. The authors 

concluded that stiffness degradation of the structure influenced more the fundamental 

mode shape than mode shapes corresponding to higher modes. Furthermore, it was 

suggested that the changes in the modes of vibration need to be considered in this type 

of analysis 
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Memari et al. (2001) performed a comparative evaluation of current seismic assessment 

methodologies on a 32-storey reinforced concrete building. The authors suggested that 

pushover analysis is a good tool for approximating seismic demands in the lower storeys 

of tall structures. The predictions have a better agreement with the nonlinear time-history 

analyses for larger peak ground acceleration values. The mode of failure though for the 

structure could not be safely predicted by pushover analysis, something that is worrying 

since the identification of the failure mode of a structure by pushover analysis has been 

considered as one of the virtues of the method. 

Mwafy and Elnashai (2001) studied the seismic response of twelve reinforced concrete 

buildings using nonlinear static and nonlinear dynamic analyses. The buildings were 

divided into three general groups: four 8-storey irregular frames, four 12-storey regular 

frames and four 8-storey dual frame-wall structures. It was found out that in all cases the 

responses of the buildings were sensitive to the shape of the lateral load pattern. Also the 

multi-mode pattern did not appear to provide enhanced results with respect to the other 

conventional load patterns.  

Lew and Kunnath (2001) examined the effectiveness of nonlinear static procedures to 

capture the seismic response of two steel – 6-storey and 13-storey - and two reinforced 

concrete buildings – 7-storey and 20-storey. The conclusions that were drawn from this 

study were that nonlinear static procedures were not effective in capturing inter-storey 

drifts and locations of plastic hinges for any type of the tested structures especially at 

higher-storeys. The peak displacement profiles calculated from all procedures were in 

agreement though. 

Albanesi et al. (2002) suggested an energy-based approach for pushover analysis and 

studied its efficiency on two reinforced concrete frame structures – a three-storey three-

bay frame and a seven-storey two-bay frame. The results were compared with nonlinear 

dynamic analyses results and with the conventional Capacity Spectrum Method results 

using both force- and displacement- control incremental analyses. The capacity curves 

derived using all methods were very similar for the three- storey structure but quite 

different for the seven-storey structure, showing that deviations in the response can occur 

due to using either force-controlled or displacement-controlled nonlinear static analyses. 

The use of force-controlled or displacement-controlled nonlinear static analyses in the 

Capacity Spectrum method can cause significant differences in the estimation of the 
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seismic demands. Furthermore, the results showed in general underestimation of 

maximum displacement and base shear from both the conventional and the proposed 

method with respect to the dynamic analyses results. 

Jingjiang et al. (2003) proposed a two-phase load pattern: an inverted triangular load 

pattern until the base shear reached some fraction β of its maximum value followed by 

an exponential form pattern defined as (x/H) a where x is the distance from the ground 

to the floor, (H) is height of the building and a is a characteristic parameter for different 

types of buildings. The authors performed pushover analyses with two more load patterns 

–uniform and triangular- for three groups of reinforced concrete buildings. These groups 

were three frame buildings of 4-, 6- and 8-storeys, two frame-wall buildings of 9- and 

20-storeys and three shear walls of 6-, 10- and 16-storeys. It was concluded that the 

inverted triangular and the proposed load patterns were the most effective in estimating 

the target displacements for the frame buildings. Regarding the second group the uniform 

and the proposed load patterns were satisfactory for the 9-storey but unsatisfactory for 

the 20-storey building. The conclusions drawn for the last group were that the uniform 

and the proposed load patterns produced good results for low-rise shear walls but poor 

for mid- and high-rise walls. However, vague explanation was provided of the criteria 

needed to determine at which magnitude of base shear the conventional load pattern 

should change to the proposed one. For the frame structures the authors changed the load 

pattern at a half the value of maximum base shear while for the remaining buildings the 

load pattern was altered at 70-80% of the maximum base shear. 

Antoniou and Pinho (2004) presented a displacement-based adaptive pushover 

procedure. The method used monotonic lateral incremental displacements instead of 

monotonic lateral incremental forces to obtain the capacity curves. The authors applied 

it to twelve reinforced concrete buildings and compared the results with the force-based 

method and with nonlinear time-history analysis. It was concluded that the method was 

able to provide improved predictions of demands with respect to the conventional method 

but could not reproduce results from the nonlinear time-history analysis. This was 

appointed to the static nature of the method that was used to the possible incorrect 

updating of the displacement vector. 

Kunnath (2004) applied a number of load distributions based on the modal combination 

rule, to an eight-storey and a sixteen-storey reinforced concrete building. The pushover 
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analyses results provided from the DCM method, were compared with those from 

nonlinear time-history analyses of a typical ground motion. These indicated quite good 

agreement in the estimation of the inter-storey drifts in the eight-storey building but 

inappropriate for the upper levels in the case of the sixteen-storey building. 

Makarios (2004) attempted to optimize mathematically the definition of an equivalent 

single-degree-of-freedom system needed in pushover analysis. This was done by 

optimizing the capacity curve when it is transformed to a bilinear form. The proposal was 

evaluated on a nine-storey reinforced concrete regular-frame building. The method could 

provide with two iterations a reasonable accuracy of the target displacement with an error 

of 1 to 8% 

Papanikolaou and Elnashai (2005) evaluated the conventional and adaptive pushover 

analyses on eight structural building models. These comprised two twelve-storey regular 

reinforced concrete structures of high and low ductility class, two eight-storey shear wall 

type structures of high and low ductility class, two eight-storey irregular structures of 

high and low ductility class, a four-storey reinforced concrete frame structure with 

irregularity in plan. The obtained results were compared with nonlinear dynamic 

analyses. It was shown that pushover analysis can approximate displacement demands 

for structures that are free of irregularities in plan and elevation. The adaptive pushover 

procedure did not improve the results much in any of the cases thus not showing any 

clear advantages over the conventional pushover procedure.  

Dolsek and Fajfar (2005) extended the N2 method to approximate the seismic response 

of two 4-storey infilled reinforced concrete frame structures. The basic differences from 

the standard N2 method were the multi-linear instead of bilinear idealization of the 

pushover curve thus taking into consideration the strength degradation of the infill and 

the new proposed R-µ-T relationships. The results obtained showed an overestimation of 

storey drifts in the first storey and underestimation in the rest of the storeys with respect 

to the nonlinear dynamic analysis results.  

Kalkan and Kunnath (2007) investigated the accuracy of pushover procedures for the 

seismic evaluation of buildings. These were the conventional pushover analysis using the 

mode shape load distribution and the Uniform load distribution, the Modified Modal 

Pushover Analysis, MMPA, the Upper-bound Pushover Analysis, and the Adaptive 

Modal Combination Procedure, AMC. These were applied to a 6- and 13-storey steel 
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building, and to a 7- and a 20-storey RC moment frame building. The results from these 

analyses were compared to the results from nonlinear dynamic analyses based on the 

behaviour of these buildings to far-field and near-fault ground motions. The quantities of 

interest in this study were the displacement demands, inter-storey drifts and rotation 

demands. The study found that the conventional pushover analysis overestimated the 

displacement demands in the low and intermediate storeys for all buildings and ground 

motions. The upper-bound pushover analysis on the other hand underestimated the 

displacement demands. The MMPA and the AMC procedures overestimated the 

displacement demands but with the smallest error. These last two procedures predicted 

very similar results. Regarding the inter-storey drift demands the conventional pushover 

procedures significantly underestimated the drifts in the upper storeys and overestimated 

them in the lower storeys for most of the buildings. The upper-bound pushover analysis 

on the other hand, overestimated the drifts in the upper storeys and underestimated them 

in the lower storeys. The MMPA and the AMC methods performed slightly better with 

reasonable accuracy in the lower storeys but with overestimation in the upper storeys for 

most of the buildings. Finally the plastic rotation demands were compared between the 

MMPA, AMC and nonlinear dynamic analyses only. It was found that that the MMPA 

was able to capture the rotation demands mostly in the lower storeys. The AMC 

procedure was the most effective for estimating this quantity across the buildings’ floors. 

Cimellaro et al. (2014) proposed bidirectional pushover analysis on models with irregular 

in shape. The extended N2 method and Proposed Bidirectional pushover analysis were 

analyzed to the irregular models and the results were compared with nonlinear response 

history analysis (NRHA) in terms of inter-storey drift and floor rotations, proves 

acceptable. In the first case of analysis classical N2 method was performed and in the 

second case N2 method is applied in X and Y directions separately with load factors 1 

and 0.6 and results are combined in SRSS combination. The same methodology is applied 

as bidirectional pushover analysis by applying bidirectional seismograms in both 

directions simultaneously. Seismograms are taken from ITACA website with peak 

ground acceleration 0.15g. From the results proved that factor 1 and 0.3 indicated in 

European seismic code for nonlinear static analysis is not sufficient when bi-directional 

ground motions are applied. 

Ahmed and Raza (2014) carried out study on seismic vulnerability of RC buildings by 

considering plan irregularities using pushover analysis. Various models were considered 
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in order to identify the performance of the structures to withstand against disaster for 

building structures. They have conducted study on “G+9” storey building situated in zone 

V having plan irregularities like, rectangular, diaphragm discontinuity, and Y-shaped 

building. Pushover analysis has been performed using FEM based analytical software 

ETABS 9.7.4 version. They have presented their results in terms of pushover demand, 

capacity spectrum and plastic hinges. They have concluded that base shear for 

rectangular model is greater than diaphragm discontinuity and Y-shaped models. Point 

displacements are greater for diaphragm discontinuity model as there is an opening in 

the centre for that model. Finally, they concluded that among the three models considered 

for study purposes, rectangular model is most vulnerable to seismic effect. 

Cavdar et al. (2018) have conducted pushover analysis and nonlinear dynamic analysis 

for a building which was collapsed in Turkey earthquake in 2003. Their objective was to 

perform the pushover analysis and NDA for different earthquakes to test the reliability 

and usability of performance levels. The mode superposition method considering the 

Wilson-ɵ algorithm was used for solving the dynamic equilibrium equations. A 

performance evaluation was performed using the current Turkish Earthquake Code, TEC 

(2007). It is concluded that pushover can provide a reasonably accurate estimation of 

performance level when a reinforced-concrete shear-wall building is not severely 

damaged. If the building is seriously collapsed, pushover analysis underestimates the 

building performance, regardless of the lateral load distributions. 

2.5.2 Capacity 

The overall capacity of a structure depends on the strength and deformation capacities of 

the individual components of the structure. In order to determine capacities beyond the 

elastic limits, some form of nonlinear analysis, such as the pushover procedure, is 

required. This procedure uses a series of sequential elastic limits, some form of nonlinear 

analysis, superimposed to approximate a force displacement capacity diagram of the 

overall structure. The mathematical model of the structure is modified to account for 

reduced resistance of yielding components. A lateral force distribution is again applied 

until additional components yield. This process is continued until the structure becomes 

unstable or until a predetermined limit is reached. The capacity curve approximates how 

structures behave after exceeding their elastic limit. 
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2.5.3 Demand (displacement) 

Ground motions during an earthquake produce complex horizontal displacement pattern 

in structures that may vary with time. Tracking this motion at every time-step to 

determine structural design requirements is judged impractical. Traditional linear 

analysis methods use lateral forces to represent a design condition. For nonlinear methods 

it is easier and more direct to use a set of lateral displacements as a design condition. For 

a given structure and ground motion, the displacement demand is the estimate of the 

maximum expected response of the building during the ground motion. 

2.5.4 Performance 

Once a capacity curve and demand displacement is defined, a performance check can be 

done. A performance check verifies that structural and nonstructural components are not 

damaged beyond the acceptable limits of the performance objective for the forces and 

displacement imposed by the displacement demand. Fig. 2.1 shows a typical capacity 

curve of a structure. Severity of earthquakes as classified in ATC-40, 1996 is defined 

below. 

A. The serviceability earthquake (SE) 

The serviceability earthquake (SE) is defined probabilistically as the level of ground 

shaking that has a 50 percent chance of being exceeded in 50-year period. This level of 

earthquake ground shaking is typically about half of the level of ground shaking of the 

design earthquake. The SE has a mean return period of approximately 75 years. Damage 

in the nonstructural elements is expected during serviceability earthquake. 

B. The design earthquake (DE) 

The design earthquake (DE) is defined probabilistically as the level ground shaking that 

has a 10 percent chance of being exceeded in a 50-year period. The DE represents an 

infrequent level of ground shaking that can occur during the life of the building. The DE 

has a mean return period of approximately 475 years. Minor repairable damage in the 

primary lateral load carrying system is expected during design earthquake. For secondary 

elements, the damage may be such that they require replacement. 

C. The maximum earthquake (ME) 

The maximum earthquake (ME) is defined deterministically as the maximum level of 

earthquake ground shaking which may ever be accepted at the building site within the 
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known geologic frame work. The maximum earthquake (ME); 5% chance of being 

exceeded in 50 years. 

As per draft BNBC-2017, maximum considered earthquake (MCE) motion may be 

considered to correspond to having a 2% probability of exceedance within a period of 50 

years. The country has been divided into four seismic zones with different levels of 

ground motion with peak ground acceleration (PGA) on very stiff soil/ rock (site class 

SA) in units of g (acceleration due to gravity). The zone coefficients (Z) of the four zones 

are: Z=0.12 (Zone 1), Z=0.20 (Zone 2), Z=0.28 (Zone 3) and Z=0.36 (Zone 4). 

 Figure 2.1: Typical capacity curve considering the performance level (ATC-40) 

In Fig. 2.1, the discrete points indicated by the symbol ‘•’represent the occurrence of 

important events in the lateral response history of the structure. Such an event may be 

the initiation of yield in a particulars structural element or a particular type of damage. 

Each point is determined by a different analysis sequence. Then, by evaluating the 

cumulative effects of damage sustained at each of the individual events, and the overall 

behavior of the structure’s increasing lateral displacements, it is possible to determine 

and indicate on the capacity curve those total structural lateral displacements that 

represent limits on the various structural performance levels, as has been done in Fig. 

2.1. 

2.6 ADRS curve 

The capacity spectrum method, a nonlinear static procedure, provides a graphical 

representation of the global force-displacement capacity curve of the structure (i.e. 

pushover curve) and compares it to the response spectra representations of the earthquake 
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demands. This method is a very useful tool in the evaluation and retrofit design of 

concrete structures. The graphical representation provides a clear picture of how a 

structure responds to earthquake ground motion, and, as illustrated below, it provides an 

immediate and clear picture of how various retrofit strategies, such as adding stiffness or 

strength, will affect the structure response to earthquake demands The capacity spectrum 

curve for the structure is obtained by transforming the capacity curve from lateral force 

(V) vs. lateral displacement (d) coordinates to spectral acceleration (Sa) vs. spectral 

displacement (Sd) coordinates using the modal shape vectors, participation factors and 

modal masses obtained from a modal analysis of the structure. In order to compare the 

structure’s capacity to the earthquake demand, it is required to plot the response spectrum 

and the capacity spectrum on the same plot. The conventional response spectrum plotted 

in spectral acceleration vs. period coordinate has to be changed in to spectral acceleration 

vs. spectral displacement coordinate. This form of response spectrum is known as 

acceleration displacement response spectrum (ADRS). Capacity spectrum method 

requires plotting the capacity curve in spectral acceleration and spectral displacement 

domain. This representation of spectral quantities is knows as Acceleration displacement 

response spectra in brief ADRS, which was introduced by Mahaney et al. (1993). 

Spectral quantities like spectral acceleration, spectral displacement and spectral velocity 

is related to each other to a specific structural period T. Building code usually provide 

response spectrum in spectral acceleration vs. period format which is the conventional 

format. Each point on the curve defined in Fig. 2.2 is related to spectral displacement by 

mathematical relation, Sd = (1/4π2) Sa*T2Converting with this relation response spectrum 

in ADRS format may be obtained. 

 

 

 

 

 

 

 

Figure 2.2: Code specified response spectrum in Spectral acceleration vs. Period. 

(ATC-40) 
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Figure 2.3: Response spectrum in ADRS format (ATC-40) 

 

T1= Time Period at ½ Second 

T2= Time Period at 1 Second 

T3= Time Period at 2 Second 

 

Any line from the origin of the ADRS format represent a constant period Ti which is 

related to spectral acceleration and spectral displacement by the mathematical relation, 

T=2π√(𝑆𝑑/𝑆𝑎 ) 

Capacity Spectrum Capacity spectrum is a simple representation of capacity curve in 

ADRS domain. A capacity curve shown in Fig. 2.3 is the representation of base shear 

(V) to roof displacement (d). In order to develop the capacity spectrum from a capacity 

curve it is necessary to do a point by point conversion to first mode spectral coordinates. 

 

 

 

 

 

 

 

 

 

Figure 2.4: A typical capacity curve (ATC-40) 
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Any point corresponding values of base shear, Vi and roof deflection, ∆i may be 

converted to the corresponding point of spectral acceleration, Sai and spectral 

displacement, Sdi on the capacity spectrum using relation, 

Sai = (Vi/W)/α1 

Sdi = ΔRoof/(PF1 x ф1,Roof) 

 

Modal mass coefficient  for  the first  mode,  α1  is  calculated  using  equation,  

      

      

 

 

 
 

   

    

    

      

Where       

PF1 = modal participation factor for the first natural mode.  

α1 = modal mass coefficient for the first natural mode  

Φ1, 
roof = roof level amplitude of the first mode.  

wi/g = 

 

mass assigned to level i   

      

Φi1 = amplitude of mode 1 at level i  

 N= level N, the level which is the uppermost in the main portion of the structure  

V= base shear  

W= building dead weight plus likely live loads  
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Figure 2.5: Capacity spectrum (ATC-40) 

∆roof = roof displacement 

Sa = spectral acceleration 

Sd = spectral displacement 

where, ω is the radial frequency of the effective (or secant) first-mode response of the 

structure if pushed by an earthquake to that spectral displacement. 

Using the relationship T=2π/ω, it is possible to calculate, for each of these radial lines, 

the effective period of the structure if it is pushed to a given spectral displacement 

Fig. 2.4 shows a typical capacity spectrum converted from capacity curve of Fig. 2.3 of 

a typical structure. It is seen in the capacity spectrum that up to some displacement 

corresponding to point A, the period is constant T1. That is the structure is behaving 

elastically. As the structure deflects more to point B, it goes to inelastic deformation and 

its period lengthens to T2. 

When the capacity curve is plotted in Sa vs. Sd coordinates, radial lines drawn from the 

origin of the plot through the curve at various spectral displacements have a slope (ω),  

The capacity spectrum method initially characterizes seismic demand using an elastic 

response spectrum. This spectrum is plotted in spectral ordinates (ADRS) format 

showing the spectral acceleration as a function of spectral displacement.  
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2.7 Nonlinear analysis and demand capacity curve 

Inelastic behavior is intended in most structures subjected to infrequent earthquake 

loading, the use of nonlinear analyses is essential to capture behavior of structures under 

seismic effect. Nonlinear static procedures (NSP) for the seismic assessment of existing 

structures (or design verification of new ones) has gained considerable popularity in 

recent years, backed by a large number of extensive verification studies that have 

demonstrated its relatively good accuracy in estimating the seismic response of buildings. 

Due to its simplicity, the structural engineers has been using the nonlinear static 

procedure or pushover analysis. Static pushover approach is based on applying the 

lateral–load distribution pattern prescribed by the seismic code. The pushover analysis is 

performed by using a step-by-step displacement-controlled technique until the structure 

reached a predetermined level of maximum lateral deformation. Modeling for such 

analysis requires the determination of the nonlinear properties of each component in the 

structure, quantified by strength and deformation capacities, which depend on the 

modeling assumptions. Pushover analysis is carried out for either user-defined nonlinear 

hinge properties or default hinge properties, available in some programs based on the 

ASCE 41-13, FEMA-356 and ATC-40 guidelines. 

The NSPs may be divided into following two main categories: 

The first category of NSPs consists on Capacity Spectrum Method (CSM), suggested by 

Freeman and coworkers (1975 and 1998) and implemented in ATC-40 guidelines (1996). 

Since inelastic behavior is intended in most structures subjected to infrequent earthquake 

loading, the use of nonlinear analyses is essential to capture behavior of structures under 

seismic effects. The employment of Nonlinear Static Procedures (NSP) in the seismic 

assessment of existing structures (or design verification of new ones) has gained 

considerable popularity in the recent years, backed by a large number of extensive 

verification studies that have demonstrated its relatively good accuracy in estimating the 

seismic response of buildings. 

Due to its simplicity, the structural engineering profession has been using the nonlinear 

static procedure (NSP) or pushover analysis. Modeling for such analysis requires the 

determination of the nonlinear properties of each component in the structure, quantified 

by strength and deformation capacities, which depend on the modeling assumptions. 

Pushover analysis is carried out for either user-defined nonlinear hinge properties or 
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default-hinge properties, available in some programs based on the FEMA-356 and ATC-

40 guidelines introducing the Adaptive Capacity Spectrum Method (ACSM). In (ACSM) 

method basically consists of having a structural model with nonlinear material properties 

displaced to a target displacement under monotonically increasing lateral loading. The 

output of such an analysis is the demand in different structural elements, which is 

compared with their related capacities. Thus, it represents a relatively simple alternative 

to estimate the nonlinear behavior of structures. All of them present improvements with 

respect to their predecessors, such as the inclusion of higher modes contribution and the 

consideration of progressive damage. In this study capacity spectrum method (CSM) is 

used because it gives a visual representation of capacity-demand equation, suggests 

possible remedial action if the equation is not satisfied and easily incorporates several 

limit states, expressed as station on the load displacement curve of the structure. Another 

procedure for calculating demand displacement is ‘Displacement Coefficient Method’ 

which provides a direct numerical process for calculating the displacement demand. 

Displacement Coefficient Method has not been explored. Performance analysis of the 

structures under this thesis was made using Capacity Spectrum Method. 

2.8 Seismic performance evaluation 

The essence of virtually all seismic evaluation procedures is a comparison between some 

measures of the “demand” that earthquake place on structure to a measure of the 

“capacity” of the building to resist the induced effects. Traditional design procedures 

characterize demand and capacity as forces. Base shear (total horizontal force at the 

lowest level of the building) is the normal parameter that is used for this purpose. The 

base shear demand that would be generated by a given earthquake, or intensity of ground 

motion is calculated, and compares this to the base shear capacity of the building. If the 

building were subjected to a force equal to its base shear capacity some deformation and 

yielding might occur in some structural elements, but the building would not collapse or 

reach an otherwise undesirable overall level of damage. If the demand generated by the 

earthquake is less than the capacity, then the design is deemed acceptable. 

 

2.9 Nonlinear static procedure for capacity evaluation of structures 

Instead of comparing forces, nonlinear static procedures use displacements to compare 

seismic demand to the capacity of a structure. This approach included consideration of 
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the ductility of the structure on an element by element basis. The inelastic capacity of a 

building is then a measure of its ability to dissipate earthquake energy. The current trend 

in seismic analysis is toward these simplified inelastic procedures. 

The recommended central methodology is on the formulation of inelastic capacity curve 

for the structure. This curve is a plot of the horizontal movement of a structure as it is 

pushed to one side. Initially the plot is a straight line as the structure moves linearly. As 

the parts of the structure yield, the plot begins to curve as the structure softens. This curve 

is generated by building a model of the entire structure from nonlinear representations of 

all of its elements and components. Most often this is accomplished with a computer and 

structural analysis software.  

All structural actions may be classified as either deformation controlled or force-

controlled using the component force versus deformation curves shown in Fig. 2.6 The 

Type 1 curve depicted in Fig. 2.5 is representative of ductile behavior where there is an 

elastic range (point 0 to point 1 on the curve) followed by a plastic range (points 1 to 3) 

with non-negligible residual strength and ability to support gravity loads at point 3. The 

plastic range includes a strain hardening or softening range (points 1 to 2) and a strength-

degraded range (points 2 to 3). 

 

 

 

Figure 2.6: Component force versus deformation curves (FEMA-356) 

 

Primary component actions exhibiting this behavior shall be classified as deformation-

controlled if the strain-hardening or strain-softening range is such that e > 2g; otherwise, 
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they shall be classified as force controlled. Secondary component actions exhibiting Type 

1 behavior shall be classified as deformation-controlled for any e/g ratio. The Type 2 

curve depicted in Fig. 2.5 is representative of ductile behavior where there is an elastic 

range (point 0 to point 1 on the curve) and a plastic range (points 1 to 2) followed by loss 

of strength and loss of ability to support gravity loads beyond point 2. Primary and 

secondary component actions exhibiting this type of behavior shall be classified as 

deformation-controlled if the plastic range is such that e >2g; otherwise, they shall be 

classified as force controlled. Type 3 curve depicted in Fig. 2.5 is representative of a 

brittle or non-ductile behavior where there is an elastic range (point 0 to point 1 on the 

curve) followed by loss of strength and loss of ability to support gravity loads beyond 

point1. Primary and secondary component actions displaying Type 3 behavior shall be 

classified as force-controlled (FEMA-356). 

Acceptance criteria for primary components that exhibit Type 1 behavior are typically 

within the elastic or plastic ranges between points 0 and 2, depending on the performance 

level. Acceptance criteria for secondary elements that exhibit Type 1 behavior can be 

within any of the performance ranges. Acceptance criteria for primary and secondary 

components exhibiting Type 2 behavior will be within the elastic or plastic ranges, 

depending on the performance level. Acceptance criteria for primary and secondary 

components exhibiting Type 3 behavior will always be within the elastic range. Figure 

2.5 provides some examples of possible deformation- and force-controlled actions in 

common framing systems. 

2.10 Acceptability limit  

A given component may have a combination of both force and deformation controlled 

actions. Each element must be checked to determine whether its individual components 

satisfy acceptability requirements under performance point forces and deformations. 

Together with the global requirements, acceptability limits for individual components are 

the main criteria for assessing the calculated building response. 
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Figure 2.7: Force deformation action and acceptance criteria (ATC-40) 

 

Fig. 2.6 shows a generalized load deformation relation appropriate for most concrete 

components. The relation is described by linear response from A (unloaded component) 

to an effective yield point B, linear response at reduced stiffness from B to C, sudden 

reduction in lateral load resistance to D, response at reduced resistance to E, and final 

loss of resistance thereafter. The following main points relate to the depicted load-

deformation relation: 

Point A corresponds to the unloaded condition. The analysis must recognize that gravity 

loads may induce initial forces and deformations that should be accounted for in the 

model. Therefore, lateral loading may commence at a point other than the origin of the 

load-deformation relation.  

Point B has resistance equal to the nominal yield strength. The slope from B to C, 

ignoring the effects of gravity loads acting through lateral displacements, is usually taken 

as between 5% and 10% of the initial slope. This strain hardening, which is observed for 

most reinforced concrete component, may have an important effect on the redistribution 

of internal forces among adjacent components. The abscissa at C corresponding to the 

deformation at which significant strength degradation begins.  

The drop in resistance from C to D represents initial failure of the component. The 

residual resistance from D to E may be non-zero in some cases and may be effectively 

zero in others. Where specific information is not available, the residual resistance usually 

may be assumed to be equal to 20% of the nominal strength. Point E is a point defining 

the maximum deformation capacity. Deformation beyond that limit is not permitted 

because gravity load can no longer be sustained. 
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2.11 Structural response reduction factor, R 

Response reduction factors were first proposed by the Applied Technology Council 

(ATC) in the ATC 3-06 report published in 1978. The National Earthquake Hazard 

Reduction Program (NEHRP) provisions, first published in 1985, are based on the 

seismic design provisions set forth in ATC 3-06. Similar factors, modified to reflect the 

allowable stress design approach, were adopted in the Uniform Building Code (UBC) a 

decade late in 1988.The concept of response reduction factor, R was proposed based on 

the premise that well-detailed seismic framing systems could sustain large inelastic 

deformations without collapse (ductile behavior) and develop lateral strength in excess 

of their design strength (often termed as reserve strength). The R factor was assumed to 

represent the ratio of the forces that would develop under the specified ground motion if 

the framing system were to behave entirely elastically (termed hereafter as elastic design) 

to the prescribed design forces at the strength level (assumed equal to the significant yield 

level). 

The commentary to the 1988 NEHRP provisions (BSSC, 1988) defines the R factor as 

an empirical response modification (reduction) factor intended to account for both 

damping and ductility inherent in a structural system at displacements great enough to 

approach the maximum displacement of the system. The components of R can be defined 

in several ways; each depends on the performance level under consideration. In this 

report only the life-safety performance level was considered explicitly. 

A typical force-displacement relationship for a building frame is shown in Figure 2.7, 

which is used to estimate yield forces and yield displacement relationship. 

 

 

 

 

 

 

 

 

 

Figure 2.8: Sample base shear force versus roof displacement relationship (ATC 19) 
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Paulay and Priestley (1992) assumes a priori knowledge of the yielding strength, Vy of 

the frame. The elastic stiffness of the frame calculated from the force-displacement curve 

at the force corresponding to 0.75Vy. Elastic stiffness, K is defined as the slope of the 

idealized bilinear curve as shown in Figure 2.8(a). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Bilinear approximations to a force-displacement relationship (ATC 19) 

 

The second method, equal energy method, assumes that area enclosed by the curve above 

the bilinear approximation is equal to the area enclosed by the curve below the bilinear 

approximation illustrated in Fig 2.8 (b). Here, Vy = Yield force, ∆y = yield displacement, 

V0 = maximum force,  ∆m = displacement corrosponding to a limit state, ∆u = 

displacement immediately prior to failure. 

The ability of a building frame to be displaced beyond the elastic limit is termed as 

ductility. From Figure 2.8, displacement ductility is defined as the difference between ∆m 

to ∆y. Maximum displacement ductility is defined as the difference between ∆u to ∆y. 

displacement ductility ratio is defined as ratio of ∆m to ∆y namely µ∆ = ∆m

∆y 
. 

In the mid-1980s, University of California at Berkeley researchers proposed splitting 

reduction factor R into three factors that account for contributions from reserve strength, 

ductility and viscous damping, as  

R = Rs × Rµ × Rζ  

where, Rs = strength factor, Rµ = ductility factor and Rζ = damping factor. 
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Figure 2.9 shows base shear vs. top displacement relationship curve to calculate response 

reduction factor R. 

Researches (ATC 10; Freeman, 1990; ATC 19) have been conducted since the first 

formulation for R. A new formulation for R has been introduced in which R is expressed 

as the product of three factors:  

R = RsRµRζ 

where, Rs = period dependent strength factor, Rµ = period dependent ductility factor and 

Rζ= Damping factor, for 5% damping considered Rζ = 1,  

Ductility factor, Rµ = 
𝑉𝑒

𝑉𝑦
 

Rµ can also be estimated approximately from the structural ductility ratio (µ), the 

foundamental period of vibration (T) and the characteristics of earthquake. Here 

relationship proposed by Newmark and Hall (1982) to estimate Rµ, is used to in the 

present study. 

Rµ= 1 for T < 0.2 s 

Rµ= √(2µ- 1) for  0.2 s < T < 0.5 s 

Rµ = µ  for  T > 0.5 s 

 

Figure 2.10: Base shear vs. top displacement relationship (Mwafy and Elnashai ,2002) 
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The structural ductility (µ) can be defined as: 

µ = ∆𝑚𝑎𝑥

∆𝑦
 

The over strength factor (Rs) is defined as the ratio of the yield base shear (Vy) to the 

design base shear (Vd) as follows:  

Rs =
 𝑉𝑦

𝑉𝑑
 

Finally, response reduction factor, R = Rs x Rµ x Rζ  

Table 2.3 shows damping factor for different percentage of damping as per UBC 1994 

and Wu and Hanson method (1989). 

Table 2.3: Damping factor as a function of viscous damping (ATC 19) 

Viscous damping (% of critical) 1994 UBC (Rζ) Wu and Hanson, (Rζ) 1989 
   

2 0.80 - 
   

5 1.00 1.00 
   

7 - - 
   

10 1.20 1.19 
   

12 - - 
   

15 - 1.39 
   

20 1.50 1.56 
   
 

2.12 Determination of target displacement (BNBC-2.5.12.3) 

The displacement coefficient method provides a direct numerical process for calculating 

the displacement demand. The following step-by-step process is excerpted from FEMA 

273 Guidelines and ATC 40. This excerpt refers to the target displacement which is the 

same as the performance point.  

Target displacement, δt = C0C1C2C3Sa (
𝑇𝑒

2𝛱
)2g  and Te = Ti√( 𝐾𝑖

𝐾𝑒
)  

Te = effective fundamental period of the building in the direction under consideration, 

Ti = elastic fundamental period (in seconds) in the direction under consideration 

calculated by elastic dynamic analysis 
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Ki = elastic lateral stiffness of the building in the direction under consideration 

Ke = effective lateral stiffness of the building in the direction under consideration 

C0= modification factor to relate spectral displacement and likely building roof 

displacement 

Estimates of C0 can be calculated using one of the following: 

 The first modal participation factor at the level of the control node 

 The modal participation factor at the of the control node calculated using a shape vector 

corresponding to the deflected shape of the building at the target displacement 

Table 2.4 shows value of C0 which is dependent on number of storey. 

      Table 2.4: Values for modification factor C0 (ATC 40) 

No of Stories Modification Factor, C0 

1 1.0 

2 1.2 

3 1.3 

5 1.4 

10+ 1.5 

Figure 2.11 shows a typical base shear versus roof displacement graph to calculate target 

displacement. 
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Roof displacement 

Figure 2.11: Bilinear representation of capacity curve for displacement co-efficient 

method (ATC 40) 
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C1 = modification factor to relate expected maximum inelastic displacements to 

displacements calculated for linear elastic response = 1.0 for Te≥ T0 

    = [1.0+(R-1) T0/ Te]/R for Te< T0 

C1 need not exceed 2.0 for Te <0.1 sec 

T0 = a characteristic period of the response spectrum, defined as the period associated 

with the transition from the constant segment of the spectrum to constant velocity 

segment of the spectrum.  

Figure 2.12 shows spectral acceleration variation which is dependent on time.  

 

 

 

 

 

 

 

 

 

Figure 2.12: General response spectrum (FEMA 273) 

where T0 = (SX1 × BS) / (SXS × B1) 

 

Here, SXS = Spectral response acceleration at short periods for any hazard level and any 

damping, g and SX1 = Spectral response acceleration at a one-second period for any 

hazard level and any damping, g 

BS = Coefficient used to adjust short period spectral response for the effect of viscous 

damping and B1 = Coefficient used to adjust one-second period spectral response for the 

effect of viscous damping 

BS and B1 are considered from Table 2.5 

The damping coefficient should be based on linear interpolation for effective damping 

values other than those given. 
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For 5% damping Bs and B1 = 1.0 

So T0 = (SX1/ SXS) 

SX1= Fv × S1 and SXS= Fa × Ss 

Table 2.5: Damping coefficients Bs and B1 as a function of effective damping, β 

Effective damping, 𝛽 (percentage of critical) Bs B1 

< 2 0.8 0.8 

5 1.0 1.0 

10 1.3 1.2 

20 1.8 1.5 

30 2.3 1.7 

40 2.7 1.9 

> 50 3.0 2.0 

 

Spectral response acceleration parameter Ss and S1 for different seismic zone are 
mentioned at Table 2.6. 

Table 2.6: Spectral response acceleration parameter Ss and S1 for different Seismic 

Zone: (BNBC-2017) 

Parameters Zone - 1 Zone – 2 Zone - 3 Zone - 4 

Ss 0.3 0.5 0.7 0.9 

S1 0.12 0.2 0.28 0.36 

 

Site co-efficient Fa for different seismic zone and soil are mentioned at Table 2.7. 

Table 2.7: Site co-efficient Fa for different seismic zone and soil (BNBC 2017) 

Parameters Zone - 1 Zone - 2 Zone – 3 Zone - 4 

SA 1.0 1.0 1.0 1.0 

SB 1.2 1.2 1.2 1.2 

SC 1.15 1.15 1.15 1.15 

SD 1.35 1.35 1.35 1.35 

SE 1.4 1.4 1.4 1.4 
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Site co-efficient Fv for different seismic zone and soil are mentioned at Table 2.8. 

Table 2.8: Site co-efficient Fv for different seismic zone and soil (BNBC 2017) 

Parameters Zone - 1 Zone - 2 Zone – 3 Zone - 4 

SA 1.0 1.0 1.0 1.0 

SB 1.5 1.5 1.5 1.5 

SC 1.725 1.725 1.725 1.725 

SD 2.7 2.7 2.7 2.7 

SE 1.75 1.75 1.75 1.75 

 

R = ratio of inelastic strength demand to calculated yield strength coefficient calculated 

as R = 𝑆𝑎/𝑔

𝑉𝑦/𝑊
 × 1

𝐶𝑜
 

W= Seismic weight of the structure (dead load and participation of live load) 

C2 = modification factor to represent the effect of hysteresis shape on the maximum 

displacement response. Values of C2 for different framing systems and performance 

levels are listed in Table 2.9 

Table 2.9: Values for modification factor C2 (ATC 40) 

 T = 0.1 Second T≥T0 Second 

Structural performance 

Level 

Framing 

Type 11 

Framing 

Type 22 

Framing 

Type 11 

Framing 

Type 22 

Immediate Occupancy 1.0 1.0 1.0 1.0 

Life safety 1.3 1.0 1.1 1.0 

Collapse prevention 1.5 1.0 1.2 1.0 

 

Note: 

1: Structures in which more than 30 percent of the shear at any level is resisted by components 

or elements whose strength and stiffness may deteriorate during the design earth quake. Such 

elements include: ordinary moment resisting frames, concentrically-braced frames, frames with 

partially restrained connections, tension-only braced frames, unreinforced masonry walls, shear-

critical walls and piers or any combination of the above 

2. All frames not assigned to Framing Type 1.    
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C3 = modification factor to represent increased displacements due to second order effects. 

For buildings with positive post-yield stiffness (Figure 2.13.a), C3 shall be set equal to 

1.0. for buildings with negative post-yield stiffness (Figure 2.13.b), C3 shall be calculated 

as  

C3= 1+ [𝛼](𝑅−1)3/2

𝑇𝑒
 

(a) Positive post yield slope (FEMA 356) 

 

 

 

 

 

 

 

 

 

 

 

(b)  Negative post yield slope 

 

 

 

 

 

 

 

 

 

Figure 2.13 Idealized force-displacement curves (FEMA 356) 

Where R and Te were defined above and α is the ratio of post-yield stiffness to elastic 

stiffness when the nonlinear force-displacement relation is characterized by a bilinear 

relation.  
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α = Ratio of post-yield stiffness to effective elastic stiffness, where the nonlinear force 

displacement relation is characterized by bilinear relation 

Sa = Response spectrum acceleration, at the effective fundamental period, Te and 

damping ratio of the building in the direction under consideration, in g. 

Vy = Yield strength calculated using the capacity curve. 

 

2.13 Seismic Performance Level of RC Building 

The seismic performance of structural systems under earthquake loading is no doubt an 

area requiring extensive research. In fact, many research bodies all over the world have 

been engaged in investigating the seismic response of various types of structural systems. 

In general, research on the seismic performance of structural systems can be classified 

into two groups: analytical research and experimental research. Because of innovation in 

the fields of electronics and the mechanics, the progress of those two groups of research 

has been remarkable. 

For earthquake resistant design, evaluation of the seismic performance of buildings, it is 

essential to determine if an acceptable solution in terms of capacity and performance is 

achieved. The nonlinear static analysis (pushover analysis) is a promising tool for seismic 

performance evaluation of existing and new structures. Pushover analysis gives an 

estimate of seismic capacity of the structural system and its components based on its 

material characteristics and detailing of member dimensions. The method there by 

evaluates the seismic performance of the structure and quantifies its behaviour 

characteristics (strength, stiffness and deformation capacity) under design ground 

motion. This information can be used to check the specified performance criteria. 

Modelling the inelastic behaviour of the structural elements for different levels of 

performance is an important step towards performance evaluation of building. National 

Earthquake Hazards Reduction Program (NEHRP) guidelines for the seismic 

rehabilitation of buildings FEMA 273/356 require realistic values of the effective cracked 

stiffness of reinforced concrete (RC) members up to yielding for reliable estimation of 

the seismic force and deformation demands. Yielding consisting of two parts, namely; 

(i) linear elastic stiffness up to cracking and (ii) stiffness from cracking up to yielding, in 

the present study both of them are considered in the analysis. From different research, it 

https://www.sciencedirect.com/topics/engineering/seismic-response
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has been shown that linear elastic analysis with 5% damping can satisfactorily 

approximate inelastic seismic deformation demands. 

Assessing the capacity of existing building as per the present codes of practice is an 

important task in seismic evaluation. In order to enhance the performance of existing 

buildings to the present level of ductile design prescribed by present codes and find the 

retrofit or design a rehabilitation system, there is an urgent need to assess accurately the 

actual lateral load resistance and the potential failure modes. Building performance of 

structural components in terms of target building performance levels are commonly 

studied with the nonlinear static analysis.  

Pushover analysis is static nonlinear analysis carried out to develop capacity curve or 

pushover curve of the building (Fig. 2.14). It requires execution of nonlinear static 

analysis that allows monitoring progressive yielding of the structures. The building is 

subjected a lateral load. The load magnitude increase until the building reaches target 

displacement. This target displacement represents the top displacement when the 

building is subjected to design level ground excitation. 

 

 

Figure 2.14 Seismic performance of RC building (Hakim et al. 2014) 
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2.14 Summary: 

In this chapter, brief details of RC cracked and gross sections, code provisions, seismic 

performance assessment and nonlinear static analysis (pushover analysis) have been 

provided. The response reduction factor R is also discussed. It is observed that static 

nonlinear procedure can be effectively used to assess the seismic performance of RC 

buildings. The present research investigates the seismic responses of RC frame buildings 

analyzed and designed using the force-based design concept considering the gross/un-

cracked section and effective/cracked section properties of RC members. The 

effective/cracked section property of the RC beams, slabs, and columns is considered as 

per the provisions of the upcoming BNBC-2017 (draft). The seismic performances of the 

RC frames designed using gross section and cracked section are evaluated using the 

nonlinear static (pushover) analysis. The seismic response reduction factor, R has been 

also evaluated considering RC cracked and gross section properties using nonlinear static 

or pushover analysis. 
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Chapter 3 
 

NUMERICAL ANALYSIS 
 

 
3.1 Introduction 

An elastic analysis gives a good indication of the elastic response of structures, but it 

cannot predict failure mechanisms and account for redistribution of forces during an 

earthquake excitation. Inelastic analysis procedures help to demonstrate how buildings 

really response by identifying modes of failure. The use of inelastic procedures for design 

and evaluation is an approach that help engineers to understand better when the buildings 

will be subjected to major earthquakes. Application of this procedure resolves some of 

uncertainties associated with the code and elastic procedures. Details of structural 

modeling and all considerations of buildings for design and analysis have been described 

in this chapter. A comprehensive numerical analysis have been conducted for 6-, 10- and 

15-storied buildings having the same plan configuration. Typical height of the floor is 

considered the same for all buildings and designated as M1 for 6-storied, M2 for 10-

storied and M3 for 15-storied. Structural design of these buildings has been conducted 

first by using equivalent static analysis as per BNBC 2017 (draft) for seismic loads.  Both 

the gross and cracked sections are considered for determining size and associated 

reinforcements for reinforced concrete structural elements. A nonlinear static or 

pushover analysis has been performed for all the buildings to assess the seismic 

performance. 

3.2 Provisions for earthquake loads in BNBC 

3.2.1 Design response spectrum 

The earthquake ground motion for which the building has to be designed is represented 

by the design response spectrum. Both static and dynamic analysis methods are based on 

this response spectrum. This spectrum represents the spectral acceleration for which the 

building has to be designed as a function of the building period, taking into account the 

ground motion intensity. The spectrum is based on elastic analysis but in order to account 

for energy dissipation due to inelastic deformation and benefits of structural redundancy, 

the spectral accelerations are reduced by the response reduction factor R. For important 

structures, the spectral accelerations are increased by the importance factor I. The design 

basis earthquake (DBE) ground motion is selected at a ground shaking level that is 2/3 

of the maximum considered earthquake (MCE) ground motion. The effect of local soil 
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conditions on the response spectrum is incorporated in the normalized acceleration 

response spectrum Cs. The spectral acceleration for the design earthquake is given by the 

following equation: 

Sa = 2/3(ZI/R) Cs 

𝑆𝑎= Design spectral acceleration (in units of 𝑔 which shall not be less than 0.67𝛽𝑍𝐼𝑆) 

𝛽 = coefficient used to calculate lower bound for 𝑆𝑎. Recommend devalue for 𝛽 is 0.11 

𝑍= Seismic zone coefficient 

𝐼= Structure importance factor 

𝑅= Response reduction factor 

𝐶𝑠 = Normalized acceleration response spectrum, which is a function of structure 

(building) period and soil type (site class). 

Cs=S[1+T/TB(2.5η-1)]     for 0 ≤ T ≤TB 

Cs=2.5Sη                         for TB ≤ T ≤TC 

Cs=2.5Sη[TC/T]              for TC ≤ T ≤TD 

Cs=2.5Sη[TCTD /T2]        for TD ≤ T ≤4sec 

𝐶𝑠 depends on S and values of TB, TC and TD, (Figure 6.2.25, draft BNBC 2017) which 

are all functions of the site class.  

S= Soil factor which depends on site class and is given in Table 6.2.16 

T= Structure (building) period as defined in Sec2.5.7.2 

TB= Lower limit of the period of the constant spectral acceleration branch given in 

Table 6.2.16 as a function of site class. 

TC = Upper limit of the period of the constant spectral acceleration branch given in 

Table 6.2.16 as a function of site class 

TD = Lower limit of the period of the constant spectral displacement branch given in 

Table 6.2.16 as a function of site class 

η = Damping correction factor as a function of damping with a reference value η=1 

for 5% viscous damping.  
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3.2.2 Equivalent static force method 

In this method, the dynamic earthquake effect is represented by an equivalent static load 

at different levels in proportion to mass at that level. Bangladesh is considered to be 

divided into four region of different possible earthquake ground response (0.12g, 0.20g, 

0.28g and 0.36g) shown in Table 3.1 and Fig. 3.1.The seismic design base shear force, V 

in a given direction shall be determined from the following relation: 

 

V = S
a
W        

Where, 

𝑆𝑎 = Lateral seismic force coefficient calculated using Eq. 6.2.34 (Sec 2.5.4.3). It is the 

design spectral acceleration (in units of g) corresponding to the building period T 

(computed as per Sec 2.5.7.2). 

W = Total seismic weight of the building defined in Sec 2.5.7. 

 

Table 3.1: Seismic zone location and zone coefficient of BNBC-2017(draft)
  
Seismic 
Zone 

Location Seismic 
Intensity 

Seismic Zone 
Coefficient, Z 

1 Southwestern part including Barisal, Khulna, 
Jessore, Rajshahi 

Low 0.12 

2 Lower Central and Northwestern part 
including Noakhali, Dhaka, Pabna, Dinajpur, 
as well as Southwestern corner including 
Sunderbans 

Moderate 0.20 

3 Upper Central and Northwestern part 
including Brahmanbaria, Sirajgang, Rangpur 

Severe 0.28 

4 Northeastern part including Sylhet, 
Mymensingh, Kurigram 

Very 

Severe 

0.36 

 
For different site classes SA to SE, the soil factor and different period limit of spectral 

acceleration mentioned at Table 3.2. Figure 3.2 shows typical shape of elastic response 

spectrum coefficient curve. 
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Figure 3.1: Seismic zoning map of Bangladesh 
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Table 3.2: Site dependent soil factor and other parameters defining elastic response 
spectrum 

 

 

 

 

 

 

 

 

 

Figure 3.2: Typical shape of elastic response spectrum co-efficient, Cs (BNBC-2017 
draft) 

 
Figure 3.3 shows normalized design acceleration response spectrum for different site 

classes as per draft BNBC 2017. Response reduction factor, R which depends on the type 

of structural system is given in Table 6.2.19 of draft BNBC-2017. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 3.3: Normalized design acceleration response spectrum for different site class 
(BNBC-2017 draft) 

Soil type S TB (S) TC (S) TD (S) 
     

SA 1.0 0.15 0.4 2.0 
     

SB 1.2 0.15 0.5 2.0 
     

SC 1.15 0.20 0.6 2.0 
     

SD 1.35 0.20 0.8 2.0 
     

SE 1.4 0.15 0.50 2.0 
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3.2.3 Building period 

The fundamental period, T of the building in the horizontal direction under consideration 

shall be determined using the following guidelines: 

Structural dynamics procedures (such as Rayleigh method or modal eigenvalue analysis), 

using structural properties and deformation characteristics of resisting elements, may be 

used to determine the fundamental period T of the building in the direction under 

consideration. This period shall not exceed the approximate fundamental period 

determined by approximate period by more than 40 percent. 

The building period T (in sec) may be approximated by the following formula: 

T=Ct(hn)m 

Where, 

ℎ𝑛= Height of building in metres from foundation or from top of rigid basement. This 

excludes the basement storeys, where basement walls are connected with the ground floor 

deck or fitted between the building columns. But it includes the basement storeys, when 

they are not so connected. 𝐶𝑡 and m are obtained from Table 6.2.20, BNBC as shown in 

Table 3.3. 

Table 3.3: Values for coefficients to estimate approximate period 

Structure type Ct m  

Concrete moment-resisting 
frames 

0.0466 0.9 Note: Consider moment resisting 
frames as frames which resist 
100% of seismic force and are 
not enclosed or adjoined by 
components that are more rigid 
and will prevent the frames from 
deflecting under seismic forces. 

Steel moment-resisting frames 0.0724 0.8 
Eccentrically braced steel 
frame 

0.0731 0.75 

All other structural systems 0.0488 0.75 

 
3.2.4 Vertical distribution of lateral forces 

In the absence of a more rigorous procedure, the total seismic lateral force at the base 

level, in other words the base shear V, shall be considered as the sum of lateral forces 

𝐹𝑥 induced at different floor levels, these forces may be calculated as: 

Fx = V×[𝑊𝑥(ℎ𝑥)𝑘]/∑ Wiℎ𝑖𝑘𝑛

𝑖=1
 

where,  
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Fx= part of base shear force included at level x 

Wi and Wx = part of the total seismic weight of the structure (W) assigned to level i or x 

hi and hx = the height from the base to level i or x 

k =1 for structure period ≤ 0.5s 

  =2 for structure period ≥ 2s 

  = Linear interpolation between 1 and 2 for other periods 

N= Number of stories 

Storey shear and its horizontal distribution: 

The design storey shear Vx, at any storey x is the sum of forces Fx in that storey and all 

the stories above it, given by the following equation, 

𝑉𝑥 = ∑ 𝐹𝑖

𝑛

𝑖=𝑥

 

where, Fi = portion of base shear included at level i 

3.3 Equivalent static analysis 

Basic design considerations (materials properties, loading and load combinations etc.) 

and design outputs of linear static analysis have been discussed in the following sections. 

3.3.1 Design considerations 

Guidelines and considerations were followed from BNBC 2017 (draft) for structural 

analysis and design. Other necessary codes, standards, specifications like ACI 318-08, 

ASCE 7-10, ATC- 40 have been utilized as required in structural design and detailing. 

3.3.2 Design data 

Type of structure : RC Moment Resisting Frame 

Seismic zone : II 

Zone factor : 0.2 

Number of storey: M1 (G+5), M2(G+9), M3(G+14) 

Typical floor height : 3m 

Ground floor height : 3m 
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Periphery outside Infill wall : 250 mm thick 

Inside Wall: 125 mm thick 

Live load : 2.0 kN/m2 

Roof Live load: 1.0 kN/m2 

 

3.3.3 Description of building frame 

No. of bays along X axis: 4 

No. of bays along Y axis: 4 

Spacing along X axis: 5m  

Spacing along Y axis: 5m  

No. of floors: M1 (G+5), M2 (G+9), M3 (G+14) 

Table 3.4 shows various parameters to calculate seismic base shear force as per draft 

BNBC-2017. 

 

Table 3.4: Seismic load consideration parameters (BNBC 2017) 
 
`Seismic Zone (Z) Table: 6.2.14, for Zone 2, Z = 0.20 
Response reduction factor (R) 
 

Table 6.2.19: for Building Frame Systems- 
moment Resisting Frame Systems (no shear wall), 
Intermediate Reinforced Concrete Moment 
Frames R=5 
 

Structural importance factor (I) 
 

Table 6.2.17: I = 1.0 
 

Site co-efficient (S) Table 6.2.16: for SC type soil, S = 1.15 
Numerical co-efficient (Ct) 
 

Table: 6.2.20, Ct = 0.0466 for h in meter, m = 0.9 
for Concrete Moment Resisting Frame 

Diaphragm eccentricity 
 

0.05 times * width of the structure 
perpendicular to direction considered 
 

 

To get structural behavior, column base supports have been considered as fixed supported 

for all the building models. 

 

3.4 Load combinations from BNBC 2017: (Art 2.7.3.1) 

Ultimate Strength Design (USD) method and loads and load combinations have been 

followed as per BNBC 2017 to check adequacy of all structural members. Following load 

combinations are considered for the design of all the building models. Since the seismic 
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response of these buildings are the prime focus, only the load combinations associated 

with gravity loads and seismic loads are considered. 

1.2 DL + 1.6 LL  

1.2 DL ±1.0 E+ 1.0 LL  

0.9D ± 1.0E  

where, DL = Dead load, LL=Live load, 

E = total seismic load effect 

From Art 2.5.13 of draft BNBC 2017: E = Eh + Ev 

Eh = effect of horizontal seismic forces 

Ev = effect of vertical seismic forces 

Ev = 0.50 (ah) D 

ah = expected peak ground acceleration (in g) for design = (2/3) ZS for all the structures 

at Dhaka (zone-2), Z=0.2, 

S=1.15 for Seismic Design Category C (SDC) 

Ev = 0.50 × (2/3) ZS × D = 0.5 x (2/3) × 0.2 × 1.15 D = 0.077 D 

So, 1.2 D±1.0 E+ 1.0 L = 1.2 D ± 1.0 Eh+0.077 D+1.0 L = 1.277 D+1.0 L ± 1.0 Eh 

From Art 2.5.13: E = Eh- Ev 

0.9 D ± 1.0 E= 0.9 D ± 1.0 Eh - 0.077D = 0.823D± 1.0 Eh 

Figure 3.4 shows the typical plan layout for 6-, 10- and 15-storied buildings. Column 

designation C1 is used for corner column, C2 for exterior and C3 for the interior columns 

of the building. Figures 3.5 to 3.7 show the elevation of 6-, 10- and 15-storied buildings, 

respectively. Figure 3.8 shows the typical beam layout for all the buildings. 
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Figure 3.4: Typical plan for 6,10,15-storied RC buildings 
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Figure 3.5: Elevation for 6-storied RC building 
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Figure 3.6: Elevation for 10-storied RC building 
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Figure 3.7: Elevation for 15-storied RC building 
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Figure 3.8: Typical beam layout for 6,10,15-storied RC buildings 

 

Tables 3.5 to 3.7 present building details such as beam, column cross-sections and 

reinforcement details using gross and cracked sections. 

Figures 3.9 to 3.11 show the three-dimensional (3D) view of the 6, 10, 15-storied RC 

buildings, respectively. 
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Table 3.5: Details of 6-storied RC building designed using gross and cracked sections 

 

 

Members Floor Width 
(mm) 

Depth 
(mm) 

Reinforcement 
Gross section 
(mm2) 

Reinforcement 
Cracked 
section (mm2) 

% increase 
in reinf. for 
cracked 
section 

Beam(Edge) 1-3 300 500 1075(top) 1104(top) 2.6% 

563(bot) 563(bot) - 

Beam( Edge) 4-6 300 500 777(top) 831(top) 6.5% 

443(bot) 443(bot) - 

Beam(Middle) 1-3 300 500 1255(top) 1255(top) - 

611(bot) 611(bot) - 

Beam(Middle) 4-6 300 500 922(top) 922(top) - 

443(bot) 443(bot) - 

Column (C1) 0-1 350 350 3165 4359 27.4% 

Column (C1) 1-2 350 350 3218 4396 26.8% 

Column (C1) 2-3 350 350 2116 2687 21.3% 

Column (C1) 3-4 350 350 1323 1771 25.3% 

Column (C1) 4-6 350 350 1225 1225 - 

Column (C2) 0-1 400 400 4945 6347 22.1% 

Column(C2) 1-2 400 400 3387 4466 24.2% 

Column (C2) 2-3 400 400 2000 2382 16% 

Column (C2) 3-6 400 400 1600 1600 - 

Column(C3) 0-1 450 450 6535 7831 16.5% 

Column(C3) 1-2 450 450 2854 2888 1.2% 

Column(C3) 2-6 450 450 2025 2025 - 



70 

 

Table 3.6: Details of 10-storied RC building designed using gross and cracked sections 

Members Floor Width
(mm) 

Depth 
(mm) 

Reinforcement 
Gross section 
(mm2) 

Reinforcement 
Cracked section 
(mm2) 

% increase in 
reinf. for 
cracked 
section 

Beam (Edge) 1–5 300 550 1114(top) 1125(top) --- 

669(bot) 669(bot) --- 

Beam (Edge) 6–10 300 550 895(top) 915(top) - 

493(bot) 493(bot) - 

Beam (Middle) 1–5 300 550 1100(top) 1100(top) - 

775(bot) 775(bot) - 

Beam (Middle) 6–10 300 550 938(top) 938(top) - 

582(bot) 582(bot) - 

Column (C2) 0-1 450 450 8469 9510 10.9% 

Column (C2) 1-2 450 450 6295 6812 7.6% 

Column (C2) 2-3 450 450 4071 4172 2.4% 

Column(C2) 3-4 450 450 2566 2566 - 

Column (C2) 4-10 450 450 2025 2025 - 

Column (C3) 0-1 500 500 10279 11444 10.2% 

Column(C3) 1-2 500 500 6838 7107 3.8% 

Column(C3) 2-3 500 500 4506 4506 - 

Column(C3) 3-4 500 500 2512 2512 - 

Column (C1) 1-2 400 400 4231 4766 11.2% 

Column (C1) 2-3 400 400 3049 3339 8.7% 

Column (C1) 3-4 400 400 1936 2108 8.2% 

Column(C1) 4-10 400 400 1652 1652 - 
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Table 3.7: Details of 15-storied RC building designed using gross and cracked sections 
 

Members Floor Width 
(mm) 

Depth 
(mm) 

Reinforcement 
Gross section 
(mm2) 

Reinforcement 
Cracked section 
(mm2) 

% increase in 
reinf. for 
cracked section 

Beam(Edge) 1-10 300 600 1155(top) 1186(top) 2.6% 
709(bot) 711(bot) 0.3% 

Beam(Edge) 10-13 300 600 896(top) 896(top) - 
5463bot) 543(bot) - 

Beam(Edge) 14-15 300 600 543(top) 543(top) - 
207(bot) 207bot) - 

Beam(Middle) 1-10 300 600 1261(top) 1261(top) - 
711(bot) 711(bot) - 

Beam(Middle) 11-13 300 600 985(top) 985(top) - 
543(bot) 543(bot) - 

Beam(Middle) 14-15 300 600 549(top) 549(top) - 
238(bot) 238(bot) - 

Column(C1) 0-1 500 500 7583 8442 10.2% 
Column(C1) 1-2 450 450 6818 7516 9.3% 
Column(C1) 2-3 450 450 5330 5711 6.7% 
Column(C1) 3-4 450 450 4116 4502 8.2% 
Column(C1) 4-5 450 450 2830 3146 8.6% 
Column(C1) 5-15 450 450 2025 2025 - 
Column(C2) 0-1 600 600 11885 12815 4.4% 

Column(C2) 1-2 550 550 9047 9466 4.4% 

Column(C2) 2-3 550 550 7187 7187 - 
Column(C2) 3-4 550 550 5345 5345 - 

Column(C2) 4-5 550 550 3593 3593 - 
Column(C2) 5-15 550 550 3025 3025 - 

Column(C3) 0-1 650 650 13319 14723 9.5% 
Column(C3) 1-2 600 600 9977 10162 1.8% 
Column(C3) 2-3 600 600 8005 8046 0.5% 

Column(C3) 3-4 600 600 6035 6035 - 
Column(C3) 4-5 600 600 4117 4117 - 

Column(C3) 5-15 600 600 3600 3600 - 
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3.5 Design outputs 
 
Structural analysis and design of buildings considering the same framing system but 

different no. of floors (height) have been performed using equivalent static analysis and 

ultimate strength design method as per BNBC 2017 guidelines. From Tables 3.5 to 3.7, 

it is shown that reinforcement demand for cracked section RC columns are usually higher 

than those with gross-section properties. For beams, this reinforcements’ demand are 

comparable when gross and cracked sections are considered. 

 

 

Figure 3.9: 3D view of 6-storied RC building 
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Figure 3.10: 3D view of 10-storied RC building 
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Figure 3.11: 3D view of 15-storied RC building 

3.6 Nonlinear static or Pushover analysis (NSA) 

Nonlinear static analysis (NSA) has been performed for the considered buildings with 

similar framing system having the same geometric plan but with different storey levels. 
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Diaphragm eccentricity has been considered 5% as per draft BNBC-2017. The finite 

element analysis of the studied structures has been carried out in commercially available 

finite element software ETABS 17. In this research work, reinforced concrete (RC) 

moment resisting frame has been considered for all the building models as per draft 

BNBC-2017. Plasticity was assumed to be lumped at probable hinge locations in RC 

members. Coupled axial force and biaxial bending moment hinge (P–M–M hinges) and 

uniaxial flexural hinges (M3 hinges) are assigned at the both ends of the columns and 

beams, respectively. The design compressive strength and strain at peak stress of 

concrete are taken as 25 N/mm2 and 0.002, respectively. Modulus of elasticity for 

concrete is taken as Ec = 2.35 × 104 N/mm2. The idealized force–deformation curve 

shown in Figure 3.12 is assigned to each plastic hinge which are in-built in commercial 

software ETABS. The lateral seismic force distribution obtained using draft BNBC 2017 

is used as loading pattern for the pushover analysis. The generalized load–deformation 

relation shown in Figure 3.12 represents linear response from A to an effective yield 

point B, further a linear response at decreased stiffness from B to C. Neglecting effects 

of vertical loads acting through lateral displacements, the slope from point B to C can be 

taken as 0–10% of the initial slope in absent of any specific experiment value. Ordinate 

of point C represents the maximum strength of the member and an abscissa represents 

the deflection at which notable strength reduction takes place. Line DE indicates the 

remaining strength of the structure. Modeling parameters and acceptance criteria for 

different performance levels in RC frame members are considered as per FEMA 356 

(2000) guidelines as shown in Tables 3.8 and 3.9 for columns and beams, respectively. 

(a) Deformation 
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(b) Deformation ratio 

 

(c) Component or element deformation criteria 
 

 

Figure 3.12:  Generalized components force-deformation relationship for modeling and 
acceptance criteria (FEMA 356) 

Table 3.8: Modeling parameters and numerical acceptance criteria for nonlinear 
procedure reinforced concrete column (ATC-40) 
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Table 3.9: Modeling parameters and numerical acceptance criteria for nonlinear 
procedure reinforced concrete beam (ATC-40) 

For informational purposes, limit states (IO, LS, CP) are specified and which are reported 

in analysis. These numerical limits are applicable for a member, whose failure is taken 

place by flexural demands, and assuming that shear/brittle failure do not occur earlier 

than these limits are achieved.  

Beam-column framing elements have been considered as line elements with properties 

concentrated at component centerlines in a FEM model. Beam – column joints have been 

considered as monolithic rigid joint. Beams and columns have been modeled using 

concentrated plastic hinge models. 

 
3.7 Model Validation 
 
This section focusses on model preparation and comparison of results for a building 

available in literature. Validation of building models is an essential step towards having 

confidence in the results for the simulation performed on the structures. Maximum output 

parameters obtained from analysis have been compared for the considered building 

models. 
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3.7.1 Validation of RC frame structure 
 
A finite element model has been developed considering provided information and 

obtained results were compared with those values available in literature. For this, a 

research work by Prajapati and Amin (2019) has been considered. They investigated the 

effect of stiffness properties of RC frame members on the response of building systems. 

The considered building was reinforced concrete with 8-storied and specifically those 

with the plan having fairly limited bays. A two dimensional (2-D) models have prepared 

in commercially available software ETABS and obtained results have been compared. 
 
3.7.2 Details of example buildings 

In this thesis, a regular symmetric RC frame building of 8-storey, which represent 

‘medium’ period structures, is selected for model validation. The considered RC frame 

building has three bays of 5 m each in both horizontal directions as shown in Figure 3.13. 

Height of each storey is considered as 3.5m. Thickness of interior and exterior masonry 

wall is taken as 115 mm and 230 mm, respectively. The slab thickness is assumed as 150 

mm. The live load of 3 kN/m2 and floor finish of 1 kN/m2 are assumed on the slabs. The 

study building was assumed rest on soft soil and to be located in zone-V of IS 1893, 

which is the most seismically intensive region of Indian seismic map. The RC frames 

were designed using M25 grade of concrete and Fe415 steel. The RC frame buildings 

with cracked section property were designed using SAP2000 software as per Indian 

design codes of IS: 456-2000, IS 1893-2016 and IS: 13920-1993. Additional details of 

the RC frame building such as total height, fundamental time period, seismic weight and 

design seismic base shear of RC frames evaluated using equivalent static analysis 

(seismic co-efficient method) are available in Prajapati and Amin (2019). 

3.7.3 Description of the model validation 

Summary of the considered building is provided below having elevation shown in Figure 3.14:  

No. bays along X axis: 3  

No. of bays along Y axis: 3,  

Spacing along X axis: 5m,  

Spacing along Y axis: 5m  

Storey height: 3.5m 
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No. of floors: G + 7 

Sizes of column: C1, C2, C3 = 600 x 600 mm for Level-1 to Level-4 

Sizes of column: C1, C2, C3 = 500 x 500mm for Level-5 to Level-8 

Sizes of beam: B1= 300 x 600 mm for Level-1 to Level-4 

Sizes of beam: B1 = 275 x 550 mm for Level-5 to Level-8 

 

 

Figure 3.13: Plan for model validation of 8-storied RC example building 
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Figure 3.14: Elevation for model validation of 8-storied RC example building 

Figure 3.15 shows the comparison of pushover curves obtained by Prajapati and Amin 

(2019) by using SAP 2000 software and the present study with ETABS software. From 

the figure, it is shown that the modeling assumptions and acceptance criteria are in good 

agreement. In addition, Table 3.10 presents the comparison of seismic weight and 

associated base shear for the considered building obtained from the analyses.  
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Figure 3.15: A comparison of pushover curves for 8-storied building using cracked 
section properties 
 
 
Table 3.10: A comparison of seismic weight and base shear for 8-storied model building 
 

Description Prajapati and Amin 
(2019) 

Present analysis Present 
analysis/ 
Prajapati and 
Amin (2019) 

Seismic Weight (W) 6213 kN 6222 kN 1.00 

Base shear (V) 671 kN 667 kN 0.99 

 
 
3.8 Pushover curves for the buildings considered in the thesis 
 
After model validation using the commercial software ETABS, a number of analyses 

have been performed on the considered buildings ranged from 6- storied to 15 –storied 

with the identical plan configuration. Figures 3.16 to 3.18 present the comparison of 

pushover curves considering gross and cracked section properties of RC frame members 

for 6-, 1-0- and 15-storied buildings, respectively.  
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Figure 3.16: Comparison of pushover curves between 6-storied Cracked and Gross 
sections 
 
 

 
 
 

Figure 3.17: Comparison of pushover curves between 10-storied Cracked and Gross 
sections 
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Figure 3.18: Comparison of pushover curves between 15-storied Cracked and Gross 
sections 
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Chapter 4 
 

RESULTS AND DISCUSSIONS 
 
 

4.1 Introduction 
 
In this chapter, all results and outputs obtained from numerical analysis conducted 

considering gross and cracked section properties of the buildings in Chapter 3 are 

discussed. Results obtained from nonlinear static analyses (NSA) are compared for both 

the gross and cracked considerations of the structural members. Buildings with 6-, 10-, 

and 15-storied having the similar plan configurations and design criteria have been 

considered for discussions. 

 

4.2 Seismic Performance of RC structures considering nonlinear static analysis 
 
Nonlinear static analyses have been performed for the buildings designed as per 

upcoming BNBC 2017(draft). In the design phases, both the gross and cracked section 

properties of the structural members are considered. Analysis results of pushover curves 

are presented in Appendix –B. Some of obtained results are presented in this chapter. 

Table 4.1 shows the seismic performance level at Design Basis Earthquake (DBE) and 

Maximum Considered Earthquake (MCE) and also the performance point  

Table 4.1: Seismic Performance of the considered RC frame buildings 

Storey Building Type Performance 
(DBE) 

Performance 
(MCE) 

Performance Point 
 
V/W         D(mm) 

6-st  Gross Section IO IO 0.064 28 
6-st  Cracked Section IO IO 0.084 76 
10-st Gross Section IO LS 0.050 50 
10-st Cracked Section IO LS 0.056 114 

15-st Gross Section LS LS 0.041 72 
15-st Cracked Section LS CP 0.042 150 

 

Table 4.1 shows the seismic performance level of RC frame for hazard level 

corresponding to design basic earthquake (DBE) and maximum considered earthquake 

(MCE). The performance level of 6-st RC frame building with both the gross section and 
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cracked section are found “IO” for DBE and MCE. The performance level of 10-st RC 

frame building having the gross section and cracked section are obtained “IO” for DBE. 

However, the performance level of 10-st RC frame building with gross section and 

cracked section are found “LS” for MCE. The performance level of 15-st RC frame 

building with gross section and cracked section are found “LS” for DBE. The 

performance level of 15-st RC frame building with gross section is found “LS” for MCE 

while that of cracked section is found “CP” for MCE. 

4.2.1 Hinge formations for the gross and cracked sections of the buildings  

Figure 4.1 shows the plastic hinge formation for 6-storied cracked building at load level 

while Figure 4.2 shows the 3-D view of the hinge formation of the building. In a similar 

pattern, Figure 4.3 shows the hinge formation for the 6-storied gross/uncracked building 

while Figure 4.4 shows the 3-D view of the hinge formation for the same building. 

Figures 4.5 to 4.12 present the hinge formations 10 and 15-storied buildings both 

considering Cracked and Gross section properties of the building.  

 
 
Figure 4.1: 2D view of Plastic hinge formation at performance point for 6-storied RC 

Gross section building 
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Figure 4.2: 3-D view of plastic hinge formation at performance point for 6-storied RC 

Gross section building  
 

 
Figure 4.3:2D view of plastic hinge formation at performance point for 6-storied RC 

Cracked section building 
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Figure 4.4: 3-D view of plastic hinge formation at performance point for 6-storied RC 

Cracked section building 
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Figure 4.5: 2D View of plastic hinge formation at performance point for 10-storied RC 
Cracked section building 
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Figure 4.6: 3-D view of plastic hinge formation at performance point for 10-storied RC 

Cracked section building 
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Figure 4.7: 2D View of plastic hinge formation at performance point for 10-storied RC 

Gross section building 
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Figure 4.8: 3-D view of plastic hinge formation at performance point for 10-storied RC 

Gross section building 
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Figure 4.9: 2D view of plastic hinge formation at performance point for 15-storied RC 

Cracked section building 
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Figure 4.10: 3-D view of plastic hinge formation at performance point for 15-storied 

RC Cracked section building 
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Figure 4.11: 2D View of Plastic hinge formation at performance point for 15-storied 
RC Gross section building 
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Figure 4.12: 3-D view of plastic hinge formation at performance point for 15-storied 
RC Gross section building 

 
4.2.2 Performance of buildings under different level of earthquakes  

Seismic performances of the considered building have been assessed by plotting the 

uncracked and cracked buildings in the same plot with three different level of 
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earthquakes. Figures 4.13 to 4.15 show the pushover curves considering cracked and 

uncracked properties of the buildings and plotted for 6-, 10-, and 15-storied, respectively.  

 

 
Figure 4.13: Comparison of seismic performance point of 6-storied RC buildings 

 

 
 

Figure 4.14: Comparison of seismic performance point of 10-storied RC buildings 
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Figure 4.15: Comparison of seismic performance point of 15-storied RC buildings 
 
 
From the above figures, it is observed that all these buildings satisfy the performance 

level requirements for all the three level of earthquakes such as Design Basis Earthquake 

(DE), Maximum Considered Earthquake (MCE) and Serviceability Earthquake (SE). 

 
 
4.2.3 Base shear values of the buildings 

Base shear values of the buildings considering cracked and uncracks sections have been 

shown in Figures 4.16 to 4.18 for 6-storied to 15-storied buildings, respectively. From 

the figures, it is shown that buildings with the gross section properties result in higher 

base shear in comparison to those of the cracked sections.  
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Figure 4.16: Comparison of base shear between Cracked and Gross sections for 6-
storied RC building 

 
 
 

 
 

Figure 4.17: Comparison of base shear between Cracked and Gross sections for 10-
storied RC building 
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Figure 4.18: Comparison of base shear between Cracked and Gross sections for 15-
storied RC building 
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based on cracked section property of beams and columns having higher percentages of 

reinforced steel as compared to similar members of RC frame designed using gross 

section property. Therefore 6-, 10-, and 15-storey RC frame designed using gross as 

well as cracked section properties of beams and columns do not satisfy the serviceability 

criteria of lateral deflection evaluated based on effective moment of inertia of beams 

and columns as per the provisions of revised standards BNBC-2017 (draft).This indicate 

that the buildings, which are designed based on gross section property using BNBC 

1993 (2006) provisions could be unsafe from serviceability requirement as per BNBC-

2017(draft).  

 
 

 
Figure 4.19: Comparison of displacement between Cracked and Gross sections for 6-

storied buildings 
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Figure 4.20: Comparison of displacement between Cracked and Gross sections for 10-

storied buildings 
 

 

Figure 4.21: Comparison of displacement between Cracked and Gross sections for 15-
storied buildings 
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Figure 4.22: Comparison of drift ratios among the 6,10 and 15-storied Cracked sections 
buildings at Design Basis Earthquake 
 
 

 
 
Figure 4.23: Comparison of drift ratios among the 6,10 and 15-storied Gross sections 
buildings at Design Basis Earthquake 
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Figure 4.24: Comparison of Inter storey drift ratios between Cracked and Gross sections 
for 6-Storied RC building  
 

 

 
 

Figure 4.25: Comparison of Inter-storey drift ratios between Cracked and Gross 
sections for 10-Storied RC buildings 
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Figure 4.26: Comparison of Inter-storey drift ratios between Cracked and Gross sections 
for 15-Storied RC buildings 
 

 
 
Figure 4.27: Comparison of drift ratio among 6,10,15-storied Cracked section buildings   
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Figure 4.28: Comparison of drift ratio among 6,10,15-storied Gross section buildings 
 

 
 
Figure 4.29: D/H vs. V/W curves for 6-storied Cracked and Gross section buildings 
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Figure 4.30: D/H vs. V/W curves for 15-storied Cracked and Gross section buildings 

 

Figure 4.31: D/H vs. V/W curves for 15-storied Cracked and Gross section buildings 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 0.005 0.01 0.015 0.02 0.025

V
/W

Inter storey drift ratio(D/H)

10-ST-CRACKED 10-ST GROSS

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 0.005 0.01 0.015 0.02 0.025

V
/W

Inter story drift ratio (D/H)

15-ST-CRACKED 15-ST GROSS



107 

 

 

Figure 4.32: R value from Pushover curve for 6-storied Cracked section building 
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Figure 4.33: R value from Pushover curve for 6-storied Gross section building 

Δmax=201 mm, Ve = 3724 kN, Δy=65 mm 
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Figure 4.34: R value from Pushover curve for 10-storied Cracked section building 

Δmax =351 mm, Ve=4030 kN, Δy =210 mm 

R= 2.92 

 

Figure 4.35: R value from Pushover curve for 10-storied Gross section building 
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Figure 4.36: R value from Pushover curve for 15-storied Cracked section building 

Δmax= 491 mm, Ve=5036 kN, Δy= 277 mm  

R = 3.41 

 

Figure 4.37: R value from Pushover curve for 15-storied Gross section building 
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Table 4.2 shows the comparison between the base shears obtained using draft BNBC 

2017 and BNBC 2006. The base shear values as per BNBC 2006 is lower than those of 

the values as per draft BNBC 2017. However, this value is comparable at factored load 

level. Seismic load factor is used 1.4025 as per BNBC 2006 while this factor is 1 as per 

draft BNBC 2017.   

Table 4.2: Comparison of elastic base shear between BNBC 2006 and BNBC 2017 

Serial 
No 

Description of the 
RC building 

Elastic base shear 
[BNBC 2006] 

Elastic base shear  
[BNBC 2017(draft)] 

01 6-storied  1056 kN 2040 kN 

02 10-storied  1453 kN 2311 kN 

03 15 storied  1886 kN 2622 kN 

 

4.2.5 Target displacements for the considered buildings 

Analyses on the building models have been conducted to determine the target 

displacement. Table 4.3 present the target displacement requirements as per BNBC and 

also obtained results from numerical analyses. From the table, it is shown that all the 

building models satisfy the target displacement requirements. 

 
Table 4.3: Target displacement requirements as per code and obtained results 
 
Building Building Type Target displacement 

[BNBC 2017] (mm) 

Target 

displacement 

[Analysis](mm) 

Remarks 

6-st Cracked Section 57 90 OK 

6-st Gross Section 26 65 OK 

10-st Cracked Section 75 150 OK 

10-st Gross Section 46 110 OK 

15-st Cracked Section 116 280 OK 

15-st Gross Section 63 180 OK 
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4.3. Response reduction factor, R of the buildings  

A comprehensive study has been conducted to determine the response reduction factor, 

R of the considered buildings. Both the cracked and gross section properties of the 

structural members of the buildings have been considered. In addition, analyses have 

been conducted on the three dimensional (3D) to assess the variation in R values. These 

factors have been generated from the pushover curves for the considered buildings. Table 

4.4 shows the values of R for the 3D analyses. 

 
Table 4.4: Seismic response factor for the considered building using 3D analyses 

Storey No Building Type R-Value 

6-Storey Cracked Section 3.23 

6-Storey Gross Section 5.64 

10-Storey Cracked Section 2.92 

10-Storey Gross Section 4.65 

15-Storey Cracked Section 3.41 

15-Storey Gross Section 5.57 

 
 
From the above tables, it is shown that buildings with gross section properties result 

higher values of response reduction factors than those of the cracked buildings.  Figure 

4.38 shows the R values obtained considering cracked and gross sections for 3D analyses. 

Figure 4.39 shows the comparison of R values considering gross, cracked and code 

provided. It is shown that from the figure, R values obtained considering cracked section 

is always lower than those of the gross section as well as code provided values. 
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Figure 4.38: Comparison of seismic response factor R for 3D analyses 
 
 
 
 

 
 
Figure 4.39: Comparison of R-value between Cracked and Gross section buildings 
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Chapter 5 
 

CONCLUSIONS AND RECOMMENDATIONS 
 

 
5.1 Introduction 

A comparative seismic performance assessment of 6, 10, and 15-storey RC frame 

buildings analyzed and designed with gross section and cracked section properties. 

Equivalent static force method has been utilized to design the buildings as per BNBC 

2017(draft). The seismic performances of the RC frames are evaluated using the 

nonlinear static pushover (NSP) analysis. The obtained results show that the drift at 

design loads for the RC frames designed with gross section is well within the prescribed 

limit. The inter-storey drift has been determined for 6-, 10-, and 15-storey RC frames 

designed with cracked and gross sections and compared with the drift limits provided by 

draft BNBC 2017. Since the design criteria significantly affect the seismic performance 

of the RC frames, the objective was also to assess the collapse level during the major 

earthquake events in all the RC frame buildings. The performance level of 6-, 10-, and 

15-storey RC frames designed with cracked section and designed for force criteria 

corresponding to collapse prevention is evaluated for maximum considered earthquake 

(MCE). 

The effect of reduction of flexural stiffness of RC sections during earthquake in terms of 

the lateral deformation of RC structures has been evaluated and is compared with the 

code provision. The effects of degradation of flexural stiffness on the inter-storey drift of 

RC frame has also been evaluated for the considered buildings. Response reduction factor 

R is determined for the buildings considering the gross and cracked stiffness properties. 

In addition, the buildings have been analyzed considering two dimensional and three 

dimensional to assess the variation of the results. Finally, the overall effect of cracked 

and gross sections of structural members of the buildings on the serviceability and 

strength parameters have been stated. 

 
5.2 Conclusions from the present study 
 
Based on results from numerical analyses, followings are the main conclusions of this 
research study: 

(a) The results of the pushover analysis show that the inter-storey drift at the design 
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load of RC frames using gross section property is well within the prescribed limit 

of maximum permissible inter-storey drift. While the inter-storey drift of RC 

frame designed using cracked section properties of beams and columns is 

observed beyond the limit of maximum permissible inter-storey drift. 

(b) The column reinforcement demand for the building with cracked section 

properties is higher than that of the gross section properties. The increase in 

reinforcement demand is higher for exterior and corner columns than those of the 

interior columns. 

(c) The increase in column reinforcement demand with cracked section properties is 

higher for the building with 6-storied in comparison to 10 and 15-storied 

buildings. The corner column at the ground floor level of 6-storied cracked 

building demands an increase of 27.4% reinforcements while that of 10 and 15-

storied demand 17.4% and 10.2%, respectively. 

(d) The increase of reinforcement demand for beams of the buildings with cracked 

section properties is insignificant in comparison to that of the gross section 

properties, 

(e) The seismic performance level of RC frame buildings for hazard level 

corresponding to design basis earthquake (DBE) and maximum considered 

earthquake (MCE) show that the performance level of 6-st RC frame building 

gross and cracked sections are found to be “IO” for DBE and MCE.  

(f) Similarly, the performance level of 10-st RC frame buildings with gross and 

cracked sections are found “IO” for DBE. The performance level of 10-st RC 

frame buildings with gross and cracked sections are found “LS” for MCE.  

(g) The performance level of 15-st RC frame buildings with gross and cracked 

sections are obtained “LS” for DBE. The performance level of 15-st RC frame 

buildings with gross section is found “LS” for MCE while that of 15-st with 

cracked section is found “CP” for MCE. 

(h) Response reduction factors of the buildings with gross section properties result 

higher values than those of the cracked buildings. R values always fall below the 

design  R for the cracked section buildings and it is obtained 3.23 for the 6-storied 

building,    
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(i) RC buildings with gross and cracked section properties satisfy the target 

displacement requirements as per the code. 
 
 
5.3 Future Recommendations 
 
This study mainly focused on seismic performance assessment of RC buildings with 

crack and gross section properties. Response reduction factor, R as per draft BNBC-2017 

of frame buildings have been utilized to determine the earthquake effects on the 

buildings. A regular plan of 6, 10, 15-storied buildings are considered for seismic design 

category SDC C located in seismic zone-2 of Bangladesh. This work may be extended in 

future to include the following: 
 

(a) Different seismic design category as well as different seismic zoning of 

Bangladesh can be considered for the design and analysis of the RC buildings 

with cracked and gross section properties. 

(b) Variation of span length/bay dimensions for the building may be considered.  

(c) Nonlinear behavior of RC cracked and gross section building frame system for 

vertical and plan irregularities can be studied to assess their performance under a 

seismic event.  

(d) Different pushover analysis methods i.e. adaptive pushover, modal pushover may 

be studied.  

(e) Nonlinear time history analysis for RC three-dimensional buildings may be 

carried out.  
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Appendix A 
 

Table A1: Damage Control and Building Performance Levels (FEMA-356) 
 

 

 
Table A2: Structural Performance Levels and Damage–Vertical Elements (FEMA-356)             
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Table A3: Structural Performance Levels and Damage–Horizontal Elements (FEMA-
356) 
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Appendix B 
 

Table B4.1: Seismic Performance point for 6-st cracked RC frame building  
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Table B.2: Seismic Performance point for 6-st Uncracked RC frame building 
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Table B 4.3: Seismic Performance point for 10-st cracked RC frame building 
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Table B4.4: Seismic Performance point for 10-st Uncracked RC frame building 

 
 
 
 
 
 
 
 



140 

 

 
 
 
 
 
 
 



141 

 

 
 
 
 
 
 
 



142 

 

Table B4.5: Seismic Performance point for 15-st cracked RC frame building 
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Table B4.6: Seismic Performance point for 15-st Uncracked RC frame building 
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