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ABSTRACT- Various structural factors that contribute to
damage during an earthquake are vertical irregularities,
irregularities in strength and stiffness, mass irregularities,
torsional irregularities, and so on. Over the past decade,
performance-based design (PBD) procedures have become
one of the most critical areas in earthquake engineering.
The pushover procedure is divided into two parts; the first
is the displacement target for the erected building. The
target is the estimated displacement of the top of the
building when exposed to the design earthquake excitation.
Then a pushover analysis is carried out on the building until
the top removal is equal to the target displacement. Second
is the type of controlled force in which the total amount of
force acting is estimated and applied to the structure, and
analysis is carried out.

The various performance levels for a building are expressed
in terms of the base shear carried versus the roof
displacement. If all the plastic hinges formed are within the
CP limit, the structure is said to be safe. On the other hand,
if the plastic hinge formed exceeds the CP limit, the
structure is said to have collapsed. This paper proposes a
2D reinforced concrete frame with three models with
variations of vertical irregularity. This paper aims to see the
nonlinear behavior of reinforced concrete frames with
vertical irregularities through the pushover method using
SAP2000 software. Furthermore, the analysis results show
that the skeleton is susceptible to increasing vertical
irregularity. As the vertical irregularity increases, the
percentage of the plastic hinge crossing the boundary
increases. The analysis results also show that model 2 has
better behavior.
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I. INTRODUCTION

An earthquake is a natural phenomenon associated with
violent shaking of the ground. The significant strain energy
released during an earthquake travels as seismic waves in
all directions through the earth's layers that are reflected and
refracted at each interface. Structural damage from an
earthquake depends on the materials that make up the
structure, the type of earthquake waves (movement) that
affect the structure, and the soil on which the structure is
built. Thus the dynamic loading on the structure during an
earthquake is not an external load but an inertial effect due
to the movement of the support. Various structural factors
that contribute to damage during an earthquake are vertical

irregularities, irregularities in strength and stiffness, mass
irregularities, torsional irregularities, and so on. In high-rise
buildings, damage due to earthquake ground motion
generally begins at the location of structural weaknesses in
the structure.

This weakness can sometimes be caused by discontinuities
in stiffness, strength, or mass between adjacent stories.
Such discontinuities between levels are often associated
with sudden variations in the frame's geometry with
increasing height [1]-[3]. Many examples of building
failures in past earthquakes due to these vertical
discontinuities [4]-[6]. Irregular configuration, both in
plans and in elevation, is often recognized as one of the
main causes of building failure in past earthquakes. Figure
1 shows irregular buildings, and the collapse of irregular
buildings due to the earthquake in Islamabad [7]-[10].
Therefore, studying the structural behavior of structures
with irregularities is essential.
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Figure 1: Irregular building the collapse of irregular
buildings due to the earthquake in Islamabad

Static non-linear procedures or pushover analysis [11]-[14]
are increasingly used to determine seismic demand
estimates for building structures, as structures exhibit non-
linear behavior during earthquakes. In earthquake-resistant
design, structures are generally designed for lower seismic
forces and are allowed to experience a non-linear response
due to severe ground motion. Therefore, non-linear static
analysis (pushover) [15]-[22] has become popular in recent
years and is used to determine parameters such as initial
stiffness, yield load, yield displacement, maximum base
shear, and maximum displacement. Damage status
measures the performance of a building under a certain
earthquake level. The form of damage is expressed as a
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performance level. For the building, the performance level
is measured by the inelastic shift of the roof. The use of
non-linear analysis is unavoidable to observe whether the
structure meets the desired performance or not.

Over the past decade, performance-based design (PBD)
procedures [23]-[27] have become one of the most critical
areas in earthquake engineering. The pushover procedure
consists of; the first displacement target for the erected
building. The target is the estimated displacement of the top
of the building when exposed to the design earthquake
excitation. Then a pushover analysis is carried out on the
building until the top removal is equal to the target
displacement. Second, the controlled force type in which
the total amount of acting force is estimated and applied to
the structure and analysis is carried out [28]. Pushover
analysis is an approximate method in which the structure is
subjected to a monotonically increasing lateral force with an
unalterable height distribution until the target displacement
is reached [29]. In this analysis method, a building model is
subjected to lateral loads, and the intensity of lateral loads is

Force

increased slowly. This process is continued until the
controlled displacement at the top of the building reaches a
certain level of deformation, or the structure becomes
unstable.

The pushover curve is the plot drawn between the base
shear along the vertical axis and the displacement of the
roof along the horizontal axis. The structure's performance
point in various stages can be obtained from the pushover
curve. Different building performance levels in the base
shear carried versus the roof displacement curve, as shown
in Figure 2 [30]. A to B is the elastic range, B to 10O is the
immediate occupancy range, 10 to LS is the life safety
range, and LS to CP is the collapse prevention range. When
the plastic hinge reaches point C on the force transfer curve,
the plastic hinge must begin to lower the load [31]. The
structure is said to be safe if all the plastic hinges are within
the CP limit. On the other hand, if the plastic hinge formed
exceeds the CP limit, the structure is said to have collapsed.
The point of intersection of the curves is called the
performance point.

Deformation

Figure 2: Performance level

The location (coordinates) of this point indicate the level of
performance of the structure under the design earthquake
load. This case shows the maximum base shear carried by
the structure and its ductility characteristics. Non-linear
static analysis is not a new development, and its origins can
be traced back to the decade of the 70s [32]-[36]. However,
the recent performance-based design process has brought
pushover non-linear static analysis procedures to the
forefront. In the last decade, most of the research has
focused on the pushover method's various applications,
advantages, and disadvantages. This paper aims to see the
non-linear behavior of reinforced concrete frames with
vertical irregularities through the pushover method using
SAP2000 software.

I1. METHOD

This paper presents a proposed 2D reinforced concrete
frame model with variations of vertical irregularity in
Figure 3. The nonlinear pushover static analysis method is
used in this paper. Modelling and analysis of 2D reinforced
concrete frames with vertical irregularities were performed

with the help of SAP 2000 software. SAP 2000 facilitates
the plastic hinge properties described in ATC-40 [37], [38].
The nature of automatic plastic hinges, such as PMM, is
installed at the end of the column, and the M3 plastic hinge
is installed at the end of the beam. Pushover analysis is
carried out by considering controlled displacement analysis.
The steps of modelling and analysis are presented in the
form of a flow chart in Figure 4. Furthermore, the data used
for modelling are as follows:

Number of levels: 5;

Height between stories: 3.5 m;

Grade of Concrete: K-325;

Grade of Steel: Bj-50;

Column size: 0.4 mx 0.4 m;

Column reinforcement: default software;
Beam size: 0.4 m x 0.3 m;

Super Dead Load: 15 KN/m;

Live Load: 10 kKN/m;

Lateral load: 200 kN/m.
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I1l. RESULTS AND DISCUSSION

Non-linear modelling and analysis of reinforced concrete
frames with vertical irregularities using SAP2000 software
have been obtained. Figure 5 shows the results of modelling
reinforced concrete frames with vertical irregularities.
Figure 6 shows the analysis results in the form of
performance levels and the maximum deformation in the

Model 1

Model 2

frame. Figure 7 shows the pushover curve in base shear and
displacement. Model 1 shows that the plastic hinge on the
column is within the CP limit, but some beams have crossed
the CP limit, so the beam will collapse. Models 2 and 3
show that the entire plastic hinge is within the CP limit, so
that beams and columns can be said to be safe from
collapse.

Model 3

Figure 5: Modelling results

Model 2
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Figure 6: Maximum performance and deformation level
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In Table 1, Table 2, and Table 3, step-by-step analysis
results are presented in the form of base shear,
displacement, and the formation of plastic hinges in each
model. Each beam and column element is fixed with plastic
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Figure 7: Pushover curve
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hinges at both ends. So that one beam element represents
two plastic hinges, the example in Table 1 for step 10
shows that 12 beam elements have collapsed. Furthermore,
Figure 8 compares the pushover curves for each model.
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Table 1: Step-by-step analysis of pushover model 1

Step Displacement (m) Base shear (kN) B 10 LS CP C D E Be'
0 0,000000 0,000 92 0 0 0 0 0 0 0
1 0,014273 142,656 91 1 0 0 0 0 0 0
2 0,049463 340,445 69 12 11 0 0 0 0 0
3 0,085093 397,587 57 12 23 0 0 0 0 0
4 0,124356 430,300 54 4 34 0 0 0 0 0
5 0,214083 468,683 54 0 11 17 0 10 0 0
6 0,220499 470,365 54 0 10 14 0 14 0 0
7 0,225648 471,264 54 0 9 11 0 18 0 0
8 0,236033 472,368 54 0 7 10 0 21 0 0
9 0,251670 473,120 54 0 6 8 0 24 0 0
10 1,083587 161,512 48 0 0 0 0 21 0 23
Table 2: Step-by-step analysis of pushover model 2
Step Displacement (m) Base shear (kN) B 10 LS CP C D E Be
0 0,000000 0,000 90 0 0 0 0 0 0 0
1 0,012961 127,683 90 0 0 0 0 0 0 0
2 0,047877 333,342 69 11 10 0 0 0 0 0
3 0,058347 360,670 60 18 12 0 0 0 0 0
4 0,086721 395,907 54 12 24 0 0 0 0 0
5 0,140024 438,217 52 3 32 3 0 0 0 0
6 0,212970 468,422 52 0 11 16 0 11 0 0
7 0,215924 469,113 52 0 11 15 0 12 0 0
8 0,217077 469,530 52 0 11 15 0 12 0 0
9 0,222284 470,679 52 0 10 11 0 17 0 0
10 0,228598 471,509 52 0 8 10 0 20 0 0
11 0,232152 471,708 52 0 8 9 0 21 0 0
12 0,232152 471,708 52 0 8 9 0 21 0 0
Table 3: Step-by-step analysis of pushover model 3
Step Displacement (m) Base shear (kN) B 10 LS CP C D E Beyond
0 0,000000 0,000 86 0 0 0 0 0 0 0
1 0,012614 122,025 86 0 0 0 0 0 0 0
2 0,048789 335,975 64 13 9 0 0 0 0 0
3 0,056895 356,861 56 17 13 0 0 0 0 0
4 0,086173 393,973 50 13 23 0 0 0 0 0
5 0,144113 439,423 48 3 31 4 0 0 0 0
6 0,217751 467,884 48 0 12 13 0 13 0 0
7 0,220419 468,347 48 0 12 9 0 17 0 0
8 0,221948 468,469 48 0 10 10 0 18 0 0
9 0,224444 468,815 48 0 9 8 0 21 0 0
10 0,250966 470,202 48 0 7 8 0 23 0 0
11 0,331510 458,339 48 0 0 5 0 33 0 0
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Figure 8: Pushover curve comparison
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IV. CONCLUSIONS

The non-linear behavior of reinforced concrete frames with

vertical

irregularities was obtained using SAP2000

software. The analysis results show that the skeleton is
susceptible to increasing vertical irregularity. As the vertical
irregularity increases, the percentage of the plastic hinge
crossing the boundary increases. The analysis results also
show that model 2 has better behavior.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

REFERENCES

P. Sarkar, A. M. Prasad, And D. Menon, “Pradip Sarkar, A.
Meher Prasad, Devdas Menon,” Eng. Struct., Vol. 32, No. 8,
Pp. 2175-2182, 2010, [Online]. Available:
Https://Doi.Org/10.1016/J.Engstruct.2010.03.020.

C. Casapulla, L. U. Argiento, And A. Maione, “Seismic
Safety Assessment Of A Masonry Building According To
Italian Guidelines On Cultural Heritage: Simplified
Mechanical-Based Approach And Pushover Analysis,” Bull.
Earthg. Eng., Vol. 16, No. 7, Pp. 2809-2837, 2018, Doi:
10.1007/510518-017-0281-9.

M. R. M. Fayaz R. Rofooei, “Dynamic-Based Pushover
Analysis For One-Way Plan-Asymmetric Buildings,” Eng.
Struct., Vol. 163, Pp. 332-346, 2018, Doi:
Https://Doi.Org/10.1016/J.Engstruct.2018.02.052.

C. J. Athanassiadou, “Seismic Performance Of R/C Plane
Frames Irregular In Elevation,” Eng. Struct., Vol. 30, No. 5,
Pp. 1250-1261, 2008, [Online]. Auvailable:
Https://Doi.0rg/10.1016/J.Engstruct.2007.07.015.

M. Guan, W. Liu, H. Du, J. Cui, And J. Wang,
“Combination Model For Conventional Pushover Analysis
Considering Higher Mode Vibration Effects,” Struct. Des.
Tall Spec. Build., Vol. 28, No. 12, P. E1625, 2019, Doi:
Https://Doi.Org/10.1002/Tal.1625.

Y. Liu And J. S. Kuang, “Spectrum-Based Pushover
Analysis For Estimating Seismic Demand Of Tall
Buildings,” Bull. Earthq. Eng., Vol. 15, No. 10, Pp. 4193—
4214, 2017, Doi: 10.1007/S10518-017-0132-8.

Dapeng Qiu, Jianyun Chen, Qiang Xu, “Improved Pushover
Analysis For Underground Large-Scale Frame Structures
Based On Structural Dynamic Responses,” Tunn. Undergr.
Sp. Technol., Vol. 103, 2020, Doi:
Https://Doi.Org/10.1016/J.Tust.2020.103405.

N. T. Jhair Yacila, Guido Camata, Jhoselyn Salsavilca,
“Pushover Analysis Of Confined Masonry Walls Using A 3d
Macro-Modelling Approach,” Eng. Struct., Vol. 201, 2019,
Doi: Https://D0i.Org/10.1016/J.Engstruct.2019.109731.

M. Seifi, M. Noorzaei, M. S. Jaafar, And E. Y. Panah,
“Nonlinear Static Pushover Analysis In Earthquake
Engineering: State Of Development,” Iccbt, Vol. 06, No. C,
Pp. 69-80, 2008.

M. J. Hashemi And M. Mofid, “Evaluation Of Energy-Based
Modal Pushover Analysis In Reinforced Concrete Frame
With Elevation Irregularity,” Trans. A Civ. Eng., Vol. 17,
No. 2, P. 96106, 2010.

A. D’ambrisi, M. De Stefano, And M. Tanganelli, “Use Of
Pushover Analysis For Predicting Seismic Response Of
Irregular Buildings: A Case Study,” J. Earthq. Eng., Vol. 13,

No. 8, Pp. 1089-1100, Oct. 2009, Doi:
10.1080/13632460902898308.
T. K. D. M. Bhandari, S.D. Bharti, M.K. Shrimali,

“Assessment Of Proposed Lateral Load Patterns In Pushover
Analysis For Base-Isolated Frames,” Eng. Struct., Vol. 175,
Pp. 531-548, 2018, Doi:
Https://Doi.0rg/10.1016/J.Engstruct.2018.08.080.

A.Y. Rahmani, N. Bourahla, R. Bento, M. Badaoui,
“Adaptive Upper-Bound Pushover Analysis For High-Rise

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

(22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

(32]

[33]

Moment Steel Frames,” Structures, Vol. 20, Pp. 912-923,
2019, Doi: Https://Doi.Org/10.1016/J.Istruc.2019.07.006.

G. Pachideh, M. Gholhaki, And A. Saedi Daryan,
“Analyzing The Damage Index Of Steel Plate Shear Walls
Using Pushover Analysis,” Structures, Vol. 20, No. June, Pp.
437-451, 2019, Doi: 10.1016/J.Istruc.2019.05.005.

M. D. Maysam Jalilkhani, Seyed Hooman Ghasemi, “A
Multi-Mode Adaptive Pushover Analysis Procedure For
Estimating The Seismic Demands Of Rc Moment-Resisting
Frames,” Eng. Struct, Vol. 213, 2020, Doi:
Https://Doi.Org/10.1016/J.Engstruct.2020.110528.

Y. Endo, L. Pela, And P. Roca, “Review Of Different
Pushover Analysis Methods Applied To Masonry Buildings
And Comparison With Nonlinear Dynamic Analysis,” J.
Earthg. Eng., Vol. 21, No. 8, Pp. 1234-1255, 2017, Doi:
10.1080/13632469.2016.1210055.

A. Asikoglu, G. Vasconcelos, P. B. Lourengo, And B. Panto,
“Pushover Analysis Of Unreinforced Irregular Masonry
Buildings: Lessons From Different Modeling Approaches,”
Eng. Struct., Vol. 218, 2020, Doi:
10.1016/J.Engstruct.2020.110830.

A. V. Bergami, A. Forte, D. Lavorato, And C. Nuti,
“Proposal Of A Incremental Modal Pushover Analysis
(Impa),” Earthq. Struct., Vol. 13, No. 6, Pp. 539-549, 2017,
Doi: 10.12989/Eas.2017.13.6.539.

R. Shehu, “Implementation Of Pushover Analysis For
Seismic Assessment Of Masonry Towers: Issues And
Practical Recommendations,” Buildings, Vol. 11, No. 2, Pp.
1-21, 2021, Doi: 10.3390/Buildings11020071.

Sean Wilkinson, “Simplified Procedure For Seismic
Analysis Of Asymmetric Buildings,” Comput. Struct., Vol.
79, Pp. 2833-2845, 2001.

R. Hasan, “Push-Over Analysis For Performance-Based
Seismic Design,” Comput. Struct., Vol. 80, Pp. 2483-2493,
2002.

Peter Fajfar, “Torsional Effects In The Pushover-Based
Seismic Analysis Of Buildings,” J. Earthq. Eng., Vol. 9, No.
6, Pp. 831-854, 2005.

J. C. Reyes, “Three-Dimensional Modal Pushover Analysis
Of Buildings Subjected To Two Components Of Ground
Motion, Including Its Evaluation For Tall Buildings,”
Earthg. Eng. Struct. Dyn., Vol. 40, 2011.

Kazem Shakeri, “A Story Shear-Based Adaptive Pushover
Procedure For Estimating Seismic Demands Of Buildings,”
Eng. Struct., Vol. 32, Pp. 174-183, 2010.

Helmut Krawinkler, ‘“Pros And Cons Of A Pushover
Analysis Of Seismic Performance Evaluation,” Eng. Struct.,
Vol. 20, Pp. 452464, 1998.

Dhiman Basu, “Seismic Analysis Of Asymmetric Buildings
With Flexible Floor Diaphragms,” J. Asce, Vol. 30, 2004.
Chatpan Chintanapakde, “Seismic Response Of Vertically
Irregular Frames: Response History And Modal Pushover
Analyses,” J. Asce 0733-9445, 2004.

N. J. Babu, “Pushover Analysis Of Unsymmetrical Framed
Structures On Sloping Ground,” Gitam Institute Of
Technology Gitam University, 2012.

R. K. Chopra, A.K., & Goel, “Capacity-Demand-Diagram
Methods For Estimating Seismic Deformation Of Inelastic
Structures: Sdf Systems.” 1999.

M. A. L. Menjivar, “3d Pushover Of Irregular Reinforced
Concrete Building,” Rose School Italy, 2003.

A. Kadid, A. & Boumrkik, “Pushover Analysis Of
Reinforced Concrete Frame Structures,” Asian J. Civ. Eng.
(Building Housing), Vol. 9, Pp. 75-83, 2008.

A. S. Moghadam, “Pushover Analysis For Asymmetric And
Set-Back Multi-Story Buildings,” 2000.

A. K. Chopra, “A Modal Pushover Analysis Procedure For
Estimating Seismic Demands For Buildings,” Earthq. Eng.
Struct. Dyn. Earthg., VVol. 31, 2002.

Innovative Research Publication

50



International Journal of Innovative Research in Computer Science & Technology (IJIRCST)

[34] Andrea Lucchini, “Nonlinear Response Of Two-Way
Asymmetric  Single-Story  Building Under Biaxial
Excitation,” Doi: Doi: 10.1061/ Asce  St.1943-
541x.0000266.

[35] Alireza Habibi, “Nonlinear Sensitivity Analysis Of
Reinforced Concrete Frames,” Finite Elem. Anal. Des., Vol.
46, Pp. 571-584, 2010.

[36] M. A. L. Menjivar, “3d Pushover Of Irregular Reinforced
Concrete Building,” Rose School Italy, 2003.

[37] Atc-40, “Seismic Evaluation And Retrofit Of Concrete
Buildings,” Applied Technology Counci, Rewood City,
1996.

[38] F.-356 Federal Emergency Management Agency,
Prestandard And Commentary For Seismic Rehabilitation Of
Buildings. Washington Dc, 2000.

Innovative Research Publication 51



