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Abstract

In densely populated urban regions, vertical extension of existing reinforced concrete (RC) buildings provides an efficient

solution to land scarcity and urban expansion challenges. This study investigates the structural feasibility of upgrading an

existing G+3 RC building to G+4 using two retrofitting techniques: concrete jacketing and steel jacketing. Numerical

modeling and nonlinear seismic analysis were carried out using SAP2000 under gravity and seismic loading conditions in

accordance with IS 1893 (Part 1): 2016 and ATC-40 guidelines. The study evaluated structural performance through modal

analysis, pushover analysis, and nonlinear time-history analysis. The addition of the extra story increased the structural

mass by approximately 22%, causing the natural period of the original structure to increase from 0.98 s to 1.14 s. After

retrofitting, the natural period reduced to 0.95 s for concrete jacketing and 0.91 s for steel jacketing, indicating improved

structural stiffness. Pushover analysis revealed that steel jacketing achieved nearly 15% higher base shear capacity than

concrete jacketing, while time-history analysis demonstrated 10%-12% lower interstory drift and reduced residual

displacement in the steel-jacketed model. Concrete jacketing improved stiffness significantly but resulted in

comparatively lower ductility. The study further compares both retrofitting methods in terms of constructability,

durability, seismic performance, and serviceability. Validation of analytical results with published experimental and

analytical studies confirmed that the obtained numerical trends were consistent with previous research findings. The

results indicate that steel jacketing provides superior seismic performance and ductility for vertical extension projects,

whereas concrete jacketing remains an economical and structurally compatible strengthening technique.
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Introduction

Urban densification and land scarcity in major cities demand innovative approaches to space optimization. Vertical

extension means adding new storeys to the existing structures, which presents a sustainable solution, provided that the

existing framework can safely accommodate the increased loads. However, older reinforced concrete (RC) buildings often

lack sufficient seismic detailing or strength for additional storeys without structural enhancement.

Retrofitting techniques are therefore essential to improve the structural capacity and seismic performance of such

buildings before vertical expansion. Among the available strengthening methods, concrete jacketing and steel jacketing

are widely used because of their effectiveness, practical implementation, and compatibility with existing RC systems.
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Concrete jacketing enhances stiffness, load-carrying capacity, and confinement by enlarging the member section with

additional RC. Steel jacketing, on the other hand, improves ductility and confinement while adding minimal additional

weight and section size.

Several researchers have investigated the behavior of retrofitted RC structures under seismic loading conditions. Previous

studies have reported that RC jacketing significantly improves axial load capacity and flexural strength, while steel

jacketing offers superior ductility and energy dissipation characteristics. Experimental investigations on steel-confined

concrete members demonstrated considerable improvement in seismic resistance and delayed in brittle failure

mechanisms. Nonlinear pushover and time-history analyses have also been extensively used for evaluating seismic

retrofit strategies and performance-based design of RC buildings. Earlier studies also focused on durability improvement

and structural monitoring of retrofitted concrete systems. Fiber optic crack monitoring techniques and fracture analysis

methods developed in previous research provided an improved understanding of damage progression and retrofit

effectiveness. Experimental studies on high-performance concrete jackets, steel jackets, and composite retrofitting

systems confirmed significant enhancement in stiffness, ductility, and seismic performance.

Despite extensive research on seismic retrofitting, limited studies have comparatively evaluated the suitability of

concrete and steel jacketing specifically for vertical extension of existing RC buildings using nonlinear seismic analysis

procedures. Therefore, this study investigates the structural feasibility of upgrading an existing G+3 building to G+4

through concrete and steel jacketing retrofits using SAP2000. Modal analysis, nonlinear pushover analysis, and nonlinear

time-history analysis were performed to compare structural behavior under seismic loading conditions.

The primary objective of this research is to evaluate the comparative effectiveness of concrete jacketing and steel

jacketing in improving stiffness, ductility, displacement control, and seismic performance for vertical building extensions.

Materials And Methods

Structural performance and durability of RC systems

Research into concrete material behavior has emphasized the importance of ductility and fracture control for long-term

performance. Previous studies introduced pseudo-ductile permanent formwork concepts for durable concrete structures

and highlighted the importance of improved toughness in structural retrofits [1]. Structural renovation methods for

deteriorated concrete buildings established the theoretical basis for modern retrofit strategies [2]. Monitoring and

assessment of crack propagation are essential for evaluating retrofit effectiveness. Earlier studies demonstrated that

fiber-optic sensing techniques can effectively monitor mixed-mode crack behavior in RC members and provide reliable

nondestructive evaluation methods for retrofitted structures [3,4]. Fracture parameter evaluation through inverse

analysis techniques also contributed to more accurate numerical modeling of rehabilitated RC members [5].

Column and steel jacketing methods

Previous review studies summarized the effectiveness of RC, steel, and fiber-reinforced polymer jacketing techniques for

strengthening RC columns [6]. These studies concluded that both RC and steel jacketing significantly improve column

strength and seismic resistance, although the final selection depends on cost, constructability, and ductility

requirements.

Experimental investigations confirmed that concrete jacketing considerably improves axial load-carrying capacity and

stiffness of RC columns [7,8]. Steel jacketing techniques demonstrated improved confinement, ductility, and energy

dissipation under cyclic loading conditions [9]. More recent studies investigated high-performance concrete jackets,

ultra-high-performance concrete jackets, and hybrid steel-concrete systems for enhanced seismic behavior and durability

[10-12].
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Seismic retrofit approaches

Performance-based seismic retrofit methods using nonlinear pushover analysis have been widely adopted for evaluating

RC structures [13-15]. Earlier research demonstrated that pushover analysis effectively predicts displacement demand,

base shear capacity, and structural performance levels under seismic loading.

Comparative studies on different retrofit systems revealed that seismic retrofit effectiveness depends on stiffness

enhancement, deformation control, and ductility improvement. Previous experimental and analytical investigations

showed that steel-based confinement systems provide improved seismic resilience and energy dissipation compared to

conventional retrofitting methods.

Building description and modeling

A four-storey (G+4) RC framed structure was modeled in SAP2000 to represent the vertical extension of an existing G+3

building. The original structure was assumed to have been designed according to conventional 1980s construction

practices without modern ductile detailing provisions.

The building was modeled using M25 grade concrete and Fe415 reinforcement steel. Fixed supports were considered at

the base, and mass and stiffness distributions were updated to incorporate the additional storey. Figure 1 illustrates the

three-dimensional model of the original building, while Figure 2 presents the retrofitted model after vertical extension.

The mechanical properties of the materials used in the SAP2000 model are summarized in Table 1.  Figure  3  and

Figure 4 present the stress-strain relationships adopted for concrete (M25) and mild steel (Fe250), respectively.

Mechanical properties Concrete (M25) Mild steel (Fe250)

Modulus of elasticity (E) 25000 MPa 210000 MPa

Poisson’s ratio (µ) 0.2 0.3

TABLE 1: Mechanical properties of isotropic materials
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FIGURE 1: 3D view of original building
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FIGURE 2: 3D view of building after vertical extension

Retrofitting schemes

Two retrofitting schemes were investigated in this study.

Concrete Jacketing

Concrete jacketing was implemented by enlarging the existing RC columns with a 50 mm thick M25 concrete jacket

reinforced with additional longitudinal and transverse reinforcement. Shear connectors and bonding agents were used

to ensure composite action between the existing and new concrete. This retrofit method significantly increased section

stiffness, axial load capacity, and confinement. The concrete jacketing retrofit configuration adopted in the study is

illustrated in Figure 5.

Steel Jacketing

Steel jacketing was implemented using 20 mm thick Fe250 steel plates surrounding the existing RC members. The steel

plates were connected through welding and bolting techniques to ensure proper confinement and load transfer. Non-

shrink grout was introduced between the steel jacket and the existing concrete surface.

Steel jacketing improved axial load capacity, ductility, and energy dissipation while minimizing additional dead load and

dimensional increase. The steel jacketing configuration used in the study is shown in Figure 6.

Loading and seismic input

The building was analyzed under dead load, live load, and seismic loading conditions according to IS 1893 (Part 1): 2016

for Zone IV seismic parameters. Modal analysis was performed to determine the fundamental time period and modal

participation.
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Figure 3 and Figure 4 present  the stress-strain relationships adopted for concrete (M25) and mild steel (Fe250),

respectively.

Validation of numerical results

To validate the SAP2000 analytical results, the obtained seismic performance trends were compared with previously

published experimental and analytical studies related to RC and steel jacketing retrofits [8,9,13]. Validation was primarily

based on comparison of stiffness enhancement, base shear capacity, ductility improvement, and displacement response.

The SAP2000 simulations predicted approximately 15% higher base shear capacity for steel jacketing compared to

concrete jacketing. Similar trends were reported in experimental investigations conducted in previous literature, where

steel confinement systems demonstrated improved ductility and seismic resistance [9,12,13].

Furthermore, the reduction in inter-storey drift obtained from nonlinear time-history analysis was found to be consistent

with previously published analytical studies on steel-jacketed RC frames [14,16-19]. The observed increase in stiffness due

to concrete jacketing also aligned with earlier experimental findings reported for RC jacketed columns [8].

A comparison between the present SAP2000 results and previously published experimental and analytical studies is

presented in Table 2 to validate the numerical model.

Parameter Present Study Published Literature Trend

Increase in base shear capacity using steel

jacketing

~15% Similar improvement reported in [9,13]

Reduction in inter-storey drift 10–12% Comparable drift reduction observed in

[14,16]

Stiffness enhancement using concrete

jacketing

Significant Consistent with experimental studies [8]

Ductility improvement using steel

jacketing

High Reported in previous investigations [7,9]

TABLE 2: Validation comparison with published studies
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FIGURE 3: Stress-strain plot of concrete (M25)
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FIGURE 4: Stress-strain plot of mild steel (Fe250)

The validation results confirmed that the SAP2000 analytical model reasonably captured the seismic behavior of

retrofitted RC buildings and produced results consistent with experimental and analytical findings available in the

literature.

AI usage declaration

Artificial Intelligence (AI) tools and Large Language Models (LLMs) were used only for limited language refinement and

paraphrasing assistance during manuscript preparation. All technical analysis, numerical modeling, interpretation of

results, figures, tables, and conclusions were independently developed, verified, and approved by the authors.
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FIGURE 5: Concrete jacketing retrofitting technique

FIGURE 6: Steel jacketing retrofitting technique
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Results And Discussion

Modal and seismic performance

The addition of the extra storey increased the total structural mass by approximately 22%, which caused the natural

period of the unretrofitted building to increase from 0.98 s to 1.14 s. This increase indicated greater seismic vulnerability

due to reduced global stiffness.

After retrofitting, the natural period reduced to 0.95 s for the concrete-jacketed model and 0.91 s for the steel-jacketed

model, demonstrating enhanced stiffness and improved lateral resistance. Steel jacketing provided better dynamic

performance because of improved confinement and energy dissipation characteristics.

Time-history response

Nonlinear time-history analysis was performed using four real earthquake records: El-Centro (1940), Chi-Chi (1999), Kobe

(1995), and Northridge (1994). The objective was to evaluate displacement response, inter-storey drift, and residual

deformation characteristics.

Figure 7 to Figure 10 present the displacement response histories obtained under different earthquake records. The red

color represents the original building, the blue color indicates the concrete-jacketed building, and the green color

represents the steel-jacketed building.

The steel-jacketed structure exhibited 10-12% lower maximum inter-storey drift and significantly reduced residual

displacement compared to the concrete-jacketed structure. The improved performance resulted from enhanced

confinement, ductility, and energy dissipation capacity provided by steel jacketing.

Concrete jacketing reduced displacement response primarily through stiffness enhancement. However, steel jacketing

demonstrated superior seismic resilience due to its improved deformation capacity and confinement behavior.

Pushover analysis results

Nonlinear static pushover analysis was carried out according to ATC-40 and FEMA 356 recommendations. Plastic hinge

properties were assigned for beams and columns using default hinge definitions available in SAP2000.

The resulting pushover curves are presented in Figure 11. The analysis demonstrated that steel jacketing achieved

approximately 15% higher base shear capacity compared to concrete jacketing. Concrete jacketing provided greater

initial stiffness but comparatively lower ductility.

The hinge formation sequence revealed that the steel-jacketed structure maintained the Life Safety performance level up

to nearly 1.2% roof drift, whereas the concrete-jacketed model approached Collapse Prevention  at the same

displacement level. These observations were consistent with previously reported experimental studies on confined RC

systems.

Pushover analysis also showed that retrofitting significantly improved the inelastic deformation capacity of the building.

The retrofit methods delayed hinge formation and reduced the likelihood of brittle failure mechanisms under seismic

loading [20].
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FIGURE 7: Time history displacement response under El-Centro earthquake (1940)

FIGURE 8: Time history displacement response under Chi-Chi earthquake (1999)
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FIGURE 9: Time history displacement response under Kobe earthquake (1995)

FIGURE 10: Time history displacement response under Northridge earthquake (1994)

Constructability and serviceability

Concrete jacketing increased member dimensions and added considerable dead load to the structure. Although it is cost-

effective and structurally compatible with existing RC systems, the retrofit process is labor-intensive and may obstruct

usable floor space.

Steel jacketing required comparatively faster installation and caused minimal dimensional increase. It also provided

better confinement and seismic performance. However, corrosion protection and skilled fabrication are necessary to

ensure long-term durability.
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A comparative assessment of the performance characteristics of concrete and steel jacketing is presented in Table 3. The

comparative analysis indicated that steel jacketing is more suitable for seismic retrofitting and vertical extension

applications where ductility, rapid installation, and reduced structural weight are important considerations [21-23].

Parameter Concrete Jacketing Steel Jacketing

Base shear capacity Moderate High

Ductility Moderate Excellent

Stiffness increase High Moderate

Constructability Labor-intensive Easier

Durability High Needs coating

Space requirement Increases member size Minimal change in dimension

Added mass High Low

Cost Moderate to low High material cost

TABLE 3: Performance comparison between concrete and steel jacketing

FIGURE 11: Pushover curves of original, concrete jacketing and steel jacketing retrofitted buildings
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The combined analytical and literature-based evidence [6-9] suggests that while concrete jacketing ensures stiffness and

integration, steel jacketing offers superior seismic performance and practicality for vertical extensions.

Conclusions

This study investigated the structural feasibility of extending an existing G+3 RC building to G+4 using concrete jacketing

and steel jacketing retrofit techniques through nonlinear seismic analysis in SAP2000.

The major findings of the study are summarized as follows:

The additional storey increased the structural mass by approximately 22%, causing the natural period of the original

structure to increase from 0.98 s to 1.14 s.

Retrofitting improved the dynamic characteristics of the structure, reducing the natural period to 0.95 s for concrete

jacketing and 0.91 s for steel jacketing.

Steel jacketing achieved nearly 15% higher base shear capacity compared to concrete jacketing during pushover

analysis.

Time-history analysis indicated that steel jacketing reduced maximum inter-storey drift by approximately 10-12%

compared to concrete jacketing.

Concrete jacketing significantly improved stiffness and load-carrying capacity but resulted in larger member dimensions

and additional dead load.

Steel jacketing provided superior ductility, energy dissipation, and seismic resilience while minimizing dimensional

increase and structural weight.

Validation with previously published experimental and analytical studies confirmed that the SAP2000 simulation results

were consistent with established seismic retrofit behavior reported in the literature.

Based on the obtained analytical results, steel jacketing is recommended for vertical extension projects in seismic regions

where improved ductility, rapid installation, and enhanced seismic performance are critical requirements. Concrete

jacketing remains a practical and economical alternative for projects emphasizing stiffness enhancement and structural

compatibility.

Future research may focus on hybrid retrofitting systems, advanced materials such as ultra-high-performance concrete,

and integration of structural health monitoring techniques for improved retrofit optimization.
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