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Abstract
Most of the existing reinforced concrete (RC) buildings in India are either designed before the existence of seismic 
design codes or without proper provisions to resist lateral loads. These structures generally possess low strength and 
limited ductility, thereby always prone to global failure and are a primary reason for causalities during an earthquake. 
Hence, seismic evaluation of these structures and strengthening, if necessary, is essential to prevent a disaster during 
its serviceable lifetime. In this investigation, a four-storied (G+3) RC building structure in Warangal city, Telangana State, 
India, has been selected as a case study. Furthermore, the structure is to be extended vertically by two stories above the 
existing configuration. The structural and material inputs to the analytical model are updated from visual inspection 
and nondestructive tests, followed by an analytical study. From the analytical study, the seismic capacity of the existing 
gravity load-designed structure itself is found to be inadequate for seismic requirements. Since the structure is to be 
extended vertically, the existing building needs to be strengthened appropriately to withstand additional loads and 
remain functional throughout its lifetime. The outcome of the seismic analysis is checked for conformity using demand 
and capacity requirement of the structural components of the six-storied (G+5) structure. This behavior mimics the cur-
rent scenario of existing RC buildings in this locality, which needs to be appropriately strengthened. It has been observed 
from the analysis that the RC building was vulnerable to the seismic forces and needed retrofitting to remain functional 
during its service life.
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1 Introduction

Earthquakes are pronounced to be one of the devastating 
natural hazards that have the potential to create a disas-
ter. Hence, mitigation of the effects of these hazards on 
infrastructure is the only preventive approach to save the 
economy of a nation and mankind. Most of the urban habi-
tat consists of midrise (G+3 to G+5) RC buildings (with and 
without irregularities) to cater to their inherent functional 
needs, viz., parking lots and ventilation. These RC struc-
tures were designed according to existing Indian stand-
ard codes prior to the development of the seismic design 

concept. It has been reported in Earthquake Disaster Risk 
Index report that about 59 percent area of India is vulner-
able to moderate to major earthquakes. It is evident from 
past earthquakes occurred in India such as Manipur (2016), 
Nepal (2015), Sikkim (2011), Kashmir (2005), Bhuj (2001), 
Chamoli (1999), Jabalpur (1997) and Latur (1993) that all 
type of buildings sustain damage if not designed prop-
erly. It has been reported in the literature that more than 
90% of the casualties in past earthquakes in India have 
occurred due to the collapse of numerous commercial 
and residential structures [1]. The loss of life and property 
can be minimized significantly by ensuring better code 
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compliance of upcoming constructions and undertaking 
seismic retrofitting of existing buildings, thereby making 
them earthquake resilient. Hence, there is an indispensa-
ble need for seismic resistance evaluation, identification of 
deficiencies, before designing any repair or rehabilitation 
or strengthening for these existing RC buildings. The per-
formance of these structures needs to be evaluated before 
and after strengthening to remain functional through-
out its serviceable lifetime and to prevent a disaster. The 
earthquake risk at any location depends on the seismic 
hazard and vulnerability characteristics of the structures. 
Seismic vulnerability evaluation for existing buildings is 
necessary as buildings might be inadequately designed 
to resist seismic forces or the buildings are designed prior 
to the existence of seismic design codes. In view of this, 
these structures become vulnerable whenever a seismic 
hazard is encountered, paving the way for a catastrophe.

Recently, many Indian standard codes for designing RC 
buildings including the seismic design codes have under-
gone revisions incorporating an additional requirement 
of strong column–weak beam design (SCWB) to prevent 
global failure of the building [2, 3]. It has been shown in 
the literature that the strong column–weak beam (SCWB) 
concept has a significant influence on the seismic per-
formance of RC buildings (with and without infills and 
irregularities) [4–6]. Further, it is perceived to be a cost-
effective measure of improving the seismic performance 
by increasing the strength of the column, without a signifi-
cant increase in the beam strength for RC frame buildings. 
In the present study, a G+3 RC frame structure in Waran-
gal city has been considered as a case study. The existing 
building location corresponds to seismic zone III, and the 
soil test performed at the site confirms medium soil profile 
as per BIS 1893 (Part 1).

This building structure has been designed prior to the 
existence of seismic codes and is proposed to be extended 
now vertically for another two floors (i.e., G+3 to G+5) 
above the existing. Hence, this RC building model is mod-
eled and analyzed for the structural floor plan with inputs 
from the field visit (which includes visual inspection, col-
lection of structural drawings, verification of structural 
configuration and NDT rebound hammer test) for the 
seismic resistance evaluation in the present and proposed 
configurations.

2  Seismic resistance assessment 
methodology

The weaknesses in the structural system and deficiencies 
in the structural steel reinforcement of existing RC build-
ings have a potential influence on the failure modes, which 
directly influences the RC building’s ability to withstand 

the loads and remain stable. Seismic vulnerability of a 
structure is usually expressed as a relationship between 
intensity measure (spectral displacement, spectral veloc-
ity or spectral acceleration) and damage measure (vari-
ous damage states, viz., slight, moderate, extensive and 
collapse) [5–9]. The overall methodology for seismic 
resistance assessment evaluation of existing RC building 
adopted in this work to withstand seismic loads pertaining 
to zone III requirements is depicted in Fig. 1.

Seismic vulnerability evaluation is usually done either 
qualitatively or quantitatively using certain empirical pro-
cedures, viz., rapid visual screening procedures and P25 
scoring method, followed by nondestructive tests (NDT). 
The seismic strengthening/retrofitting is conducted in 
accordance with the guidelines of BIS 15988: 2013 [10] 
and IITK-GSDMA Guidelines for Seismic Evaluation and 
Strengthening of Buildings [11], in addition to CPWD 
handbook [12]. Considering the importance of the struc-
ture, this qualitative evaluation is generally followed by 
analytical evaluation approaches used for seismic design. 
In this work, a field visit is carried out to verify the existing 
structural configurations with the structural plan collected. 
Visual inspection is carried out to understand the visual 
signatures of damage, deterioration, etc., by means of walk 
around the building approach, followed by a nondestruc-
tive rebound hammer test, to ascertain the compressive 
strength of the structural components. This input is uti-
lized for the analytical model development of existing G+3 
and proposed G+5 RC building structure using SAP2000 
software. Seismic strengthening and retrofitting of RC 
buildings using several approaches have been reported 
in literature [13–18]. A similar study of retrofitting a gravity 
load designed RC building using external steel concentric 
bracing systems using SAP2000 was performed [19].

Fig. 1  Methodology of the study
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3  Case study

A G+3 story RC building situated in Warangal city, Tel-
angana state, India, as shown in Fig.  2 is selected to 
understand the seismic resistance capability. The total 
height of the existing building configuration is 12.8 m 
with floor height as 3.2 m each for all the stories (G+3). 
The structural floor plan for the selected building con-
figuration is depicted in Fig. 3. The floor area comprises 
of 57.2 m × 17.6 m and consists of five categories of beam 
sections and six categories of column sections as given in 
Table 1. This building has been designed and constructed 
as a gravity load-designed building as per BIS 456 [20], 
without seismic provisions and is proposed to be extended 
vertically from existing G+3 to G+5 configuration.

4  Modeling and analysis

The structural model is developed using SAP2000 software 
[21], for the structural floor plan shown in Fig. 3, and the 
component details are given in Table 1 prepared as per the 
structural drawings provided during the field visit. Material 
properties are updated after visual inspection and nonde-
structive rebound hammer test performed on all the struc-
tural components. Around 1000 data points comprising of 
all the structural components including beams, columns 
and slabs have been recorded using rebound hammer to 
ascertain the compressive strength of the structural com-
ponents as depicted in schematic shown in Fig. 4 (beams: 
on Face 1, Face 3, Face 6; columns: on Face 1, Face 2, Face 
3 and Face 4; and slabs).

The RC building frames are modeled as three-dimen-
sional ordinary moment-resisting frame (OMRF) struc-
ture with the fixed base condition. The infill walls load 

are taken as a distributed load on corresponding beams. 
Beam and column elements are modeled as nonlinear 
frame elements with lumped plasticity by defining plastic 
hinges at both ends of the beams and columns [22, 23]. 
Plastic hinge behavior of structural members, i.e., beams 
(M3 hinges) and columns (P-M2-M3 hinges), was defined 
using default hinges in SAP2000 as per FEMA 356 [22]. The 
slabs are modeled as a rigid diaphragm, and slab thickness 
of 100 mm is adopted based on field measurements. The 
dimensions and cross-sectional details of beams and col-
umns were also ascertained during field visits, as shown 
in Fig. 5. Rigid diaphragms are assigned by constraining 
the nodes belonging to the same story throughout the 
structure for each floor level. The self-weights of the slab 
and floor finishing are taken as a distributed load on to 
the respective beams. Material characteristics considered 
for modeling and analysis, after field study, are M30 grade 
concrete and Fe415 grade steel rebars. Mander material 
model is used to characterize the stress–strain behav-
ior of concrete [24], and the constitutive model used to 
characterize stress–strain behavior of steel rebars is Park 
stress–strain model, as depicted in Fig. 6. The cross section 
and components design details of the case study building 
are given in Table 1. The seismic zone of Warangal city is 
zone III as per BIS 1893 (Part 1) and soil profile corresponds 
to medium soil as per the soil investigation report pro-
vided for the considered site. Further, the loads consid-
ered for seismic analysis as per BIS 875 (Part I) [25] and 
BIS 875 (Part II) [26] are presented in Table 2. Fixed base 
analysis was performed, ignoring soil flexibility. Further-
more, to account for the safety of the foundation, the safe 
bearing capacity of the soil has been evaluated, and the 
foundation of the retrofitted structure has been found safe 
against sliding, overturning, one-way and two-way shear 
checks as per IS code.  

Fig. 2  Photographs of the existing RC frame building
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Fig. 3  Building structural floor plan. a Location of columns from the ground level, b location of columns from G+2 level, c location of beams

Table 1  Design details for the 
existing case study building

S. No. Structural com-
ponent

Type Existing size (mm) Existing reinforcement details

Top (mm ϕ) Bottom (mm ϕ)

1 Beam A 230 × 480 6–16 6–16
2 B 280 × 640 3–25 3–25

2–20 2–20
3 C 230 × 430 1–16 1–16

2–12 2–12
4 D 1–16 1–16

2–12 2–12
5 E 1–16 1–16

2–12 2–12
6 Column C0 300 x 610 10–25
7 C1 12–20
8 C2 10–20
9 C3 230 x 530 6–20 and 4–16
10 C4 12–16
11 C5 10–20
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The analytical study involves modeling and seismic 
analysis of existing and proposed building design. The 
dynamic analysis for all types of building structures in 
zone III may be performed either using the time history 
method or response spectrum method. Hence, response 
spectrum analysis has been carried out on the existing 
building model in addition to nonlinear static analysis, 
which is carried out for various performance limit states 
defined as per FEMA-356 [22]. The response spectrum is 
chosen from BIS 1893 (Part 1) for zone III medium soil pro-
file. Further, in view of inherent deficiencies involved in the 

Fig. 4  Schematic representing nondestructive test pattern

Fig. 5  Verification of dimen-
sions and cross-sectional 
details of beams and columns 
during field visits

Fig. 6  a Mander confined concrete stress–strain curve, b Park stress–strain model
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nonlinear static analysis procedure, the demand–capac-
ity ratios (DCR) are also computed to confirm the seismic 
capacity of structural components obtained from nonlin-
ear static analysis. Moreover, seismic analysis comprising 
of response spectrum analysis and nonlinear static analysis 
of this structure should also consider the proposed vertical 
extension loads before designing any repair or strength-
ening measure adopted. This observation can be verified 
with the difference in base shear values computed for both 
G+3 and G+5 configurations. Base shear for G+3 configura-
tion is found to be 3681.2 kN, and for G+5 configuration, it 
is found to be 4678.51 kN for seismic zone III requirements. 
Hence, seismic analysis is performed (a) on the existing 
structure (G+3), (b) on G+5 building structure, consider-
ing the additional design loads of proposed extension of 
two floors (G+3 to G+5) and also (c) after strengthening/
repair/retrofit of the existing structure to withstand the 
proposed extension and checked for adequacy using DCR 
as mentioned in Fig. 1 [3, 27]. Further, the components 
belonging to the collapse limit state are termed as inad-
equate or seismically deficient components and are shown 
in Table 3. These structural components need to be appro-
priately strengthened/repaired/retrofitted, as discussed in 
Sect. 6 before extending the existing structure.

5  Results and discussion

The results corresponding to the outcome of the response 
spectrum analysis performed on the existing building 
G+3 building model is shown in Fig. 7. The legend in Fig. 8 
describes different damage states of plastic hinges (i.e., IO: 
immediate occupancy, LS: life safety, CP: collapse preven-
tion, C: collapse) with appropriate labels and colors, as per 

FEMA 356 [22]. It can be observed from the plastic hinge 
formulation that certain components are in the collapse 
(C) limit state in Fig. 8. The DCR contour plot indicating the 
stress levels (0: unstressed to 1: fully stressed) also confirms 
this observation, as shown in Fig. 9 for load combination 
1.5(DL + EQ) in zone III. The components have DCR greater 
than one which indicates the failure of the member. The 
total number of components indicated as failed or in col-
lapse limit state for the existing structure and needs retro-
fitting are presented in Table 3. Further, seismic analysis is 
again repeated for G+5 storied building considering a load 
combination of 1.5(DL + EQ) zone III medium soil profile 
to ascertain its seismic resistance capability of withstand-
ing the additional two stories on the existing structure. 

Table 2  Details of loads 
considered for seismic analysis

S. No. Particulars Description

1 Dead load Self-weight of the structure
2 Live load 3 kN/m2

3 Floor finish 1 kN/m2

4 Roof treatment 1.5 kN/m2

4 Outer wall load 230 mm thick: 14.2 kN/m
5 Inside wall load 150 mm thick: 9.6 kN/m
6 Wall load roof 1.5 m high and 150 mm thick: 4.5 kN/m
7 Seismic load BIS 1893 (Part 1):2016
8 Importance factor 1
9 Soil type Medium
10 Type of structure RCC frame structure
11 Response reduction factor 3 for OMRF

Table 3  Structural components to be retrofitted in existing G+3 
configuration

S. No. Structural 
component

Type Component details

Total number of 
components

Components 
need retrofit-
ting

1 Beam A 172 0
2 B 8 0
3 C 20 12
4 D 40 40
5 E 272 272
6 Column C0 16 0
7 C1 70 12
8 C2 160 30
9 C3 18 0
10 C4 30 0
11 C5 4 0
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Fig. 7  SFD and BMD of a typical frame in G+3 building for load combination (1.5(DL + EQ)) for zone III
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These results are confirmed by checking the DCR ratios 
of the structural components which can be seen from 
the results shown in Figs. 10 and 11 (indicating the stress 
levels (0: unstressed to 1: fully stressed). From the results, 
it can be concluded that the structural components that 
need strengthening/retrofitting to withstand for seismic 
zone III requirements are present only in the existing G+3 
structure. Therefore, the extended portion from G+3 to 
G+5 appears meeting the design requirements and the 
existing design shown in Table 1 can be adopted after 
strengthening the G+3 building.    

6  Retrofitting of beams and columns

The seismic analysis carried out on the existing structural 
configuration and the structural components having 
inadequate seismic capacity is identified and presented 
in Table 3. The retrofitting of the deficient components is 

carried out right from the ground floor (G) to the top floor 
(G+3) of the existing building.

Steel plate bonding is the most commonly used 
strengthening technique. This is perceived to be an inex-
pensive, versatile and advanced technique for rehabili-
tation, upgradation of concrete structures by mechani-
cally connecting MS plates by bolting and gluing to their 
surfaces with epoxy. Furthermore, it is reported in the 
literature that plate bonding can substantially increase 
strength, stiffness, ductility and stability of the reinforced 
concrete elements and can be used effectively for seismic 
retrofitting [12]. Hence, the plate-bonding technique is 
adopted for strengthening the beam and column com-
ponents with appropriate sizes of steel plates for the exist-
ing G+3 building. This technique was adopted considering 
the seismic-resistant design provisions of the entire G+5 
building configuration. Tables 4 and Fig. 12 represent the 
retrofitting strategy adopted for deficient beam and col-
umn components in the existing structure.

Further, these modified sections in the existing G+3 
configuration are modeled using the section designer in 
SAP2000 software, and the model is extended vertically for 
two more stories with proposed structural design includ-
ing the reinforcement details and member sizes as given 
in Table 1 with the configuration shown in Fig. 3.

Seismic analysis is repeated on this new configuration 
(G+5) for zone III medium soil profile, and seismic resist-
ance capability of the structural components is confirmed 
by checking the DCR ratios of the structural components. 
From the results shown in Figs. 13 and 14 (indicating the 
stress levels (0: unstressed to 1: fully stressed), it can be 
observed that the capacity of the building components 
has enhanced from collapse limit state (C) to life safety 
limit state (LS) due to strengthening of the existing RC 
building.

Fig. 8  Plastic hinge formation in the G+3 building model for zone 
III seismic load

Fig. 9  DCR contour for G+3 
building for zone III seismic 
load in a elevation, b plan
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Fig. 10  SFD and BMD of a 
typical frame in G+5 build-
ing for load combination 
(1.5(DL + EQ)) for zone III
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7  Summary and conclusions

The gravity load-designed RC frame buildings are 
reported to be vulnerable in the literature in view of 
low lateral strength and limited ductility for the seismic 
loading conditions, and this observation can be clearly 
envisaged in the case study presented. From the plas-
tic hinge pattern arrived during nonlinear static analy-
sis performed on the existing G+3 structure, it can be 
detected that certain structural components were inad-
equate. This observation is clearly pronounced from the 
analysis G+5 structure before repair/retrofitting and 
also from the DCR calculations performed for earth-
quake load case. In the seismic analysis performed on 
G+5 configuration, inadequate structural components, 
i.e., components in collapse limit state, were found to be 
present in G+3 configuration only. These components 
are strengthened with steel bonding technique for flex-
ural and shear strength enhancement in beams and axial 
strength and moment carrying capacity enhancement in 

Fig. 11  DCR contour for G+5 building for zone III seismic load 
before strengthening existing G+3 configuration in a elevation, b 
plan

Table 4  Retrofit/strengthening 
strategy for the existing G+3 
building

S. No. Component Type Retrofitting adopted in addition to existing reinforcement

1 Beam C MS flat 200 mm × 5 mm on two side faces of the beam as shown in Fig. 12c
2 D
3 E MS flat 200 mm × 5 mm on three faces of the beam excluding the top face 

as shown in Fig. 12b
4 Column C1 Four angle sections, ISA 75 mm × 75 mm × 5 mm as shown in Fig. 12a
5 C2

Fig. 12  Plate-bonding technique for strengthening: a column, b beam on three faces, c beam two side faces
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Fig. 13  SFD and BMD of a 
typical frame in G+5 building 
after strengthening under load 
combination 1.5(DL + EQ) for 
zone III
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columns, as given in Table 4 and Fig. 12. Furthermore, the 
strengthened G+3 structure can be extended vertically 
to G+4 and G+5 adopting the structural design as men-
tioned in Table 1 with the configuration shown in Fig. 3. 
After strengthening, the performance level of these com-
ponents enhanced from collapse (C) limit state to life 
safety (LS) limit state and overall G+5 building structure 
satisfies the design limits for seismic requirements of the 
building location, i.e., zone III requirements with medium 
soil profile as per BIS 1893 (Part 1).

This study has significant importance in current sce-
nario of existing buildings in India. It deals with evaluat-
ing existing buildings with the current design practice 
and suggests a methodology to repair/strengthen exist-
ing buildings to sustain any coming eventuality like an 
earthquake.
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