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Abstract: Multistoried structures which do not follow the requirements of seismic design may be affected by 

either damage or collapse due to severe ground motion which results in great loss of property and life. The 

purpose of this paper is to assess the damage and to evaluate the performance of the structures which are 

already designed and analyzed using linear static analysis for seismic loads as per the Indian codes IS-456, IS-

1893 and IS-13920. It is proposed to study the performance of the structure before and after the linear state 

using pushover analysis which is a series of incremental static analysis. It is carried out on the 12-storied 

building model which was designed and analyzed for the earthquake analysis using STAAD for two seismic load 

cases (Zone-3 and Zone-5) considering both are Special Moment Resisting Frames. Pushover analysis is 

propounded to perform by SAP to get the extent of damage experienced by the structure at target displacement 

by the sequence of yielding of components, plastic hinge formation and failure of various structural components. 
Finally both the frames which were analyzed by linear static analysis for earthquake loading performed well 

and the damage is within the limits. Initially, yielding of the beams taken place then yielding of columns. This 

damage assessment shows that the both frames behave as ductile frames, even when subjected to seismic 

loading.    

Keywords: linear static analysis; Non-linear analysis; pushover analysis; Target displacement ; plastic hinge; 

ductile frame. 

 

I. Seismic Evaluation 
Pushover analysis is performed to assess the extent of damage in the structure. In pushover analysis a 

pre-defined lateral load pattern which is distributed along the building height is applied. The lateral forces are 

increased until some members yield. The structural model is modified to account for the reduced stiffness of 

yielded members and lateral forces are again increased until additional members yield. The process is continued 

until a control displacement at the top of building reaches a certain level of deformation or structure becomes 

unstable. 

A performance level describes a limiting damaging condition for a given building with a specific 

ground motion. The performance levels as per FEMA, ATC 40 are immediate occupancy (IO), life safety level 

(LS), and collapse prevention (CP). 

In order to obtain performance points of structure as well as the location of hinges in different stages of 

analysis, we can use the pushover curve. In this curve, the range AB is the elastic range, B to IO is the range of 

instant occupancy, IO to LS being the range of life safety and LS to CP being the range of collapse prevention 

When a hinge touches point C on its force-displacement curve then that hinge must start to drop load. 
The load will be released until the pushover force or base shear at point C becomes equal to the force at point D.  

If all of the hinges are within the given CP limit then that structure is supposed to be safe. Though, the 

hinge after IO range may also be required to be retrofitted depending on the significance of structure. 

 

 
Displacement 

 

Figure 1 Typical Pushover Curve and Performance Levels [4] 
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The procedures for building evaluation are different from one another but their basic principles are all 

the same. The evaluation procedures according to the respective codes are ATC 40 – 1996 Capacity Spectrum 

Method (CSM), FEMA 356 - 2000 Displacement Coefficient Method (DCM), FEMA 440 - 2005 Equivalent 
Linearization-Modified CSM, FEMA 440 - 2005 Displacement Modification- Improvement of DCM 

 

II. Modeling And Analysis Of Structure 
2.1 Brief overview: 

A Twelve storied, 4 x 4 bay regular frame with bay width 5m and floor height 3.2m is considered for 

the analysis. The total height of the building frame is 38.4m. As per IS code 1893 -2002, the natural time period 

is 1.157 sec. Present project is proposed to study the damage assessment of the multistoried buildings which 

were already designed for earthquake linear static analysis. Nonlinear static analysis (pushover analysis) is 

considered for the seismic evaluation of the already designed multistoried buildings using ESA method. Linear 
Static Analysis is performed using STAAD analysis package, which is a regular practice for most of the 

professional people and Pushover Analysis is performed using SAP analysis package for the damage 

assessment. 

 

2.2 Modeling of the structure: 

Number of members, nodes and supports of building frames are given in the table 2. 

 

Table 2 
Building 

frames 

Regularity Number of 

members 

Number 

of nodes 

Number of 

supports (fixed) 

3D Bare 

Frame 

Regular in 

plan 

780 325 25 

 

 

 
Figure 2 Selected Frame with supports, framing and nodes. 
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Table 3: Material properties considered for analysis 
Concrete 

Modulus  of  elasticity (E) 

kN/m
2 

Poisson ratio Density 

kN/m
3
 

Coefficient of thermal 

expansion @ / 
0
K 

Fck / fy 

kN/m
2
 

2.73861e+007 200e-003 25 1.17e-005 30 

Reinforcing bar (rebar) 

1.999e+008 300e-003 76.97 1.17e-005 415 

 

 
Figure3 3D-Rendered Frame 

 

Table 4: Physical properties of the columns and beams 
Member Size (mm x mm) 

Case-1: SMRF and Zone-3 

Beams for all floors 250 x 500 

Columns (1,2,3 floors) 470 x 470 

Columns (4,5,6 floors) 450 x 450 

Columns (7,8,9 floors) 420 x 420 

Columns (10,11,12 floors) 410 x 410 

Case-2: SMRF and Zone-5 

Beams for all floors 300 x 500 

Columns (1,2,3 floors) 600 x 600 

Columns (4,5,6 floors) 550 x 550 

Columns (7,8,9 floors) 500 x 500 

Columns (10,11,12 floors) 450 x 450 

 

2.3 Load Consideration: 

Table 5: Dead load and Live loads considered for the analysis 
Type of load Load value 

Dead load* 

On floor slabs (member loads) 14.6 kN/m 

On roof slabs (member loads) 10.7 kN/m 

Live load** 

On floor slabs (member loads) 6.0 kN/m 

On roof slabs (member loads) 3.0 kN/m 

* which includes self weight, wall load and equivalent slab load 

** which is equivalent UDL over the member due to live load on the slab 

Earthquake loads: earthquake loads considered for the calculation of seismic weights are as per the IS 1893(Part 

1) : 2002 and are given in the table 6. 
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Table 6: Loads considered for the calculation of seismic weights 
Loads on the floors 

Full dead load acting on the floor plus 25 percent of live load(since, as per clause 7.3.1 Table 8 of IS 1893(Part 1):2002, for imposed 

uniformly distributed floor loads of 3 kN/m
2
 or below, the percentage of imposed load is 25 percent). 

Loads on the roof slab 

Full dead load acting on the roof (since, as per clause 7.3.2, for calculating the design seismic forces of the structure, the imposed load 

on roof need not be considered).
 

 

Seismic Load Case1: 

For the analysis purpose, structure is assumed to be located in zone-III (zone factor-0.16) on site with 

medium soil and Sa/g value taken from the figure 2 of IS-1893: 2002 i.e., Response spectra for rock and soil 

sites for 5% damping. Structure is taken as a general building and hence Importance factor is taken as 1 and the 

frame is proposed to design as Special moment resisting frame (SMRF) and hence the Reduction factor is taken 

as 5. Ductile detailing is adopted as per the IS Code 13920-1993. 

 

Seismic Load Case2: 

For the analysis purpose, structure is assumed to be located in zone-V (zone factor-0.36) on site with 

medium soil and Sa/g value taken from the figure 2 of IS-1893: 2002 i.e., Response spectra for rock and soil 

sites for 5% damping. Structure is taken as general building and hence Importance factor is taken as 1 and the 

frame is proposed to design as Special moment resisting frame (SMRF) and hence the Reduction factor is taken 

as 5. Ductile detailing is adopted is as per the IS Code 13920 -1993. 

 

2.4 Load Combinations and Envelope: 

Earthquake load combination is only considered for the analysis. 

Table 7:  LOAD ENVELOPE 
                          Envelope 

1.0DL+1.0LL 0.9DL+1.5(-ELx) 

1.5DL+1.5LL 0.9DL+1.5(ELz) 

1.5DL+1.5(ELx) 0.9DL+1.5(-ELz) 

1.5DL+1.5(-ELx) 1.2DL+1.2LL+1.2(ELx) 

1.5DL+1.5(ELz) 1.2DL+1.2LL+1.2(-ELx) 

1.5DL+1.5(-ELz) 1.2DL+1.2LL+1.2(ELz) 

0.9DL+1.5(ELx) 1.2DL+1.2LL+1.2(-ELz) 

 

After linear static analysis (as per STAAD) for the above modeling, the design results obtained are 
given in the following table 8 for the both seismic load cases. The design results obtained are proposed to take 

as material and sectional properties in the pushover analysis using SAP.     

 

Table 8 DESIGN RESULTS 
Floor Section(mm x 

mm) 

Longitudinal 

Reinforcement 

Lateral 

Reinforcement 

Materials 

Seismic Load Case 1 

Beams for 

all floors 

250 x 500 3-16mmØ-top of 

support 

2-16mmØ-bottom 

span 

4-legged-8mm 

 Ø @100mm c/c 

M30, 

Fe 415 

Columns 

(1,2,3 floors) 

470 x 470 16-20mmØ 4-legged-8mm 

Ø @100mm c/c 

M30, 

Fe 415 

Columns 

(4,5,6 floors) 

450 x 450 16-12mmØ 4-legged-8mm 

Ø @100mm c/c 

M30, 

Fe 415 

 

Columns 

(7,8,9 

floors) 

420 x 420 16-12mmØ 4-legged-8mm 

Ø@100mm c/c 

M30, 

Fe 415 

 

Columns 

(10,11,12 

floors) 

410 x 410 16-12mmØ 4-legged-8mm Ø 

@100mm c/c 

M30, 

Fe 415 

 

Seismic load case 2 
Beams 

for all 

floors 

300 x 500  6-16mmØ-top  

of support 

3-16mmØ-

bottom span 

4-legged- 

8mm Ø 

@100mm c/c 

M30,    

 Fe 415 

Columns 

 (1,2,3 

floors) 

600 x 600 16-16mmØ 4-legged- 8mm 

Ø @100mm 

c/c 

M30,   

  Fe 415 
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Columns  

(4,5,6 

floors) 

550 x 550 16-16mmØ 4-legged-

12mm Ø 

@100mm c/c 

M30,   

  Fe 415 

Columns 

 (7,8,9 

floors) 

500 x 500 12-16mmØ 4-legged- 8mm 

Ø @100mm 

c/c 

M30,    

 Fe 415 

Columns 

(10,11,12 

floors) 

450 x 450 12-16mmØ 4-legged-

10mm Ø 

@100mm c/c 

M30,    

 Fe 415 

 

SAP 2000 which is a finite element analysis package has been used for the analyses. The analysis results are 

shown in the following tables and graphs. Sequence of damages and their intensity of damage are shown in 3.7 

and 3.10 for Zone-3 and Zone-5 

 

2.5 Analysis Results of Seismic Load Case-1 (SMRF-Z3): 

 

TABLE 9 Base Shear Vs Displacement 

 
 

 

 

 

Table10 Sd/ Sa (ATC 40) Capacity and Demand Spectrum 
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2.6 Capacity and Demand Curves (Frame designed for Zone 3 and SMRF): 

 

 
Capacity Curve (FEMA – 356) 

 

 
Capacity Curve (FEMA440) 

 

 
Capacity and Demand Curve ATC-40 
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Capacity and Demand Curves FEMA-440 

 

2.7 Damage at different stages in Zone-3: 

 
Stage-0                                          Stage-1 

 
Stage-2                                            Stage-5 
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Stage-8                                  Stage-11 

                                           
Stage-16                                 Stage-21 

 

B            IO-Immediate occupancy LS-Life Safety             C-Collapse 

 

 

 

2.8 Analysis Results of Seismic Load case-2   (SMRF-Z5)  

           
Table 11 Base Shear Vs Displacement 
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       Table 12 Sd/Sa  (ATC40) Capacity and Demand Spectrum 

 
 

 

2.9 Capacity and Demand Curves (Frame designed for Zone 5 and SMRF): 

 

 
Capacity Curve (FEMA-356) 

 

 

           
Capacity Curve (FEMA - 440) 
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Capacity and Demand Curve (ATC-40) 

 

 
Capacity and Demand Curve (FEMA-440) 

 

 

2.10 Damage at different stages in Zone-5: 

 

 
Stage-0                                         Stage-1 
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Stage-2                                  Stage-5 

 
Stage-8                                        Stage-11 

 
Stage-15                                      Stage-19 

 

B  IO-Immediate occupancy LS-Life Safety             C-Collapse 

 

III. Observations And Conclusions 
In the present study it is proposed to assess the damage and to evaluate the performance of designed 

structure for earth quake loads. The frames are designed for the two zones i.e., zone-3 and zone-5 considering 

both are Special Moment Resisting Frames, whose response reduction factor is 5. The zone factors for the zone-

III is 0.16 and zone-V is 0.36 as per IS code 1893-2002. Physical properties of the model will change in the 

analysis and design because of zone. Hence, two building frame models are available for the non-linear static 
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analysis i.e., pushover analysis. We performed the push over analysis for the displacement control using analysis 

package SAP. The target displacement values are obtained from four evaluation procedures: 

 
1. ATC-40 Capacity Spectrum Method. 

2. FEMA 356 Coefficient Method. 

3. FEMA 440 Equivalent Linearization. 

4. FEMA 440 Displacement Modification. 

 

The base shear and target displacement values are obtained as shown in table below. 

 

Table 13 Target Displacement and Base Shear  ZONE-3 
Evaluation 

Procedure 

ATC-40 FEMA-

356 

FEMA-

440 EL 

FEMA-

440DM 

Target 

Displacement 

(m) 

0.337 0.402 0.327 0.402 

Base Shear 

(kN) 

2220.95 2334.25 2203.82 2334.45 

 
Table 14     ZONE-5 

Evaluation 

Procedure 

ATC-40 FEMA-

356 

FEMA-

440 EL 

FEMA-

440DM 

Target 

Displacement 

(m) 

0.285 0.360 0.284 0.360 

Base Shear (kN) 3014.13 3065.27 30.13.67 3065.27 

 

From the Tables 9 to 12, Graphs 2.6 & 2.9 and Deformed shapes with hinge locations 2.7 & 2.10 

shows that damage of the structure in stage wise. This damage assessment shows that performance of the 
structure under seismic loading. Firstly it is observed the damage of the building frame for the non-linear static 

analysis for dead and live loads i.e., the initial stage of the push over analysis for the both frames there is no 

hinge formation or there is  no damage after the completion of non-linear static analysis for the dead and live 

loads. This is shown as stage 0 in the Figure 2.7 & 2.10. The target displacement may vary according to the 

evaluation procedures i.e., ATC-40(CSM), FEMA-356(CM), FEMA-440 (EL), FEMA-440(DM). The Target 

displacement considered is the maximum of four evaluation procedures. Now in the case of ZONE-3 the 

maximum value of target displacement for the damage assessment considered is 0.402 seconds where the base 

shear is 2334.25 kN. In case of ZONE-5 the maximum value of target displacement is 0.360 seconds and the 

corresponding base shear is 3065.27 kN.  

The Graphs 2.6 & 2.9 shows that the capacity and demand curves for zone-3 and zone-5. Figures 2.7 & 

2.10 shows stage wise hinge formation and damage sequence for zone-3 and zone-5. Tables  9 & 11 shows the 

number of hinge formations at every stage i.e., damage level at every step. In case of ZONE-3 design, the 
stiffness of the frame is less, hence the damage appeared up to CP level with in the target displacement i.e., 

0.402 seconds. There is a formation of hinges up to CP (Figure 2.7). In case of ZONE-5 design, the stiffness of 

the frame is higher than in ZONE 3 frame, hence the damage appeared up to LS level with in the target 

displacement i.e., 0.360 seconds (Figure 2.10). Finally both the frames which were designed to linear static 

analysis for earth quake loading performed well. The damage is within the limits and it is observed by 

conducting the push over analysis. Initially, the yielding of the beams takes place and then yielding of columns. 

This shows that the analysis theory is based on the strong column and weak beam i.e., both the frames behaving 

as ductile frames 

 

IV. Future Scope Of Work 
Pushover analysis is an efficient method to understand the performance of the structure during 

earthquakes; however, it is not a dynamic phenomenon and lacks accuracy. This may not consider all the 

deformation within the structure. To know the complete behavior of the structure from initial stage to collapse 

stage, knowledge of non-linear analysis for the numerical modals using Finite Element Method (FEM) and 

Applied Element Method (AEM) is most essential. 
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