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A  R  T  I  C  L  E I  N  F  O 

The seismic vulnerability of reinforced concrete (RC) structures designed according to 

outdated standards lacking seismic provisions has been widely documented through 

experimental investigations and post-earthquake observations. Consequently, reliable 

assessment of the seismic performance of such structures and the development of effective 

strengthening strategies remain critical objectives in earthquake engineering. This study 

investigates the seismic behavior of RC frames strengthened using steel angle and strap 

systems through analytical and numerical approaches. A novel sectional moment-

curvature model is developed, incorporating confinement effects from stirrups and steel 

straps as well as local buckling of compressive steel angles. Sectional curvature is 

converted to member rotation to derive plastic hinge properties for nonlinear structural 

analysis. The proposed model is validated against experimental data from existing studies, 

demonstrating strong agreement in predicting flexural and shear behavior. Subsequently, 

the seismic performance of strengthened RC members and structural systems is evaluated 

through nonlinear pushover analysis, with emphasis on performance levels, plastic hinge 

development, and failure mechanisms. Results indicate that the steel angle and strap 

system substantially enhances load-carrying capacity and ductility, leading to improved 

seismic performance and reduced structural vulnerability. These findings confirm the 

effectiveness of the strengthening strategy and provide an analytical framework for 

performance-based seismic assessment and retrofit design of existing RC structures. 
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Nomenclature 

Parameter Description  Parameter Description 

𝐴𝑔 Total area of the section  𝑡1 Thickness of steel angles 

𝐴𝑐𝑜𝑛 Areas of confined regions  𝑡2 Thickness of steel straps 

𝐴𝑢𝑛𝑐 Areas of unconfined regions  𝑣 Poisson’s ratio 

𝐴𝑠1 Area of steel bars at tension  𝑉𝑎𝑛𝑔 Shear strength due to steel angles 

𝐴𝑠2 Area of steel bars at compression  𝑉𝑏𝑎𝑡 Shear strength due to steel straps 

𝑏 Smaller width of the section  𝑣𝑐 Shear stress capacity in compression 

𝑐 Neutral axis  𝑣𝑡 Shear stress capacity in tension 

𝐶𝑐𝑜𝑛 Concrete compressive force  𝑣𝑛 Shear capacity due to concrete 

𝑑𝑏 Diameter of steel bars  𝑉𝑛 Total shear strength 
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𝐸𝑐 Unconfined concrete elastic modulus  𝑥 Axial strain ratio 

𝐸𝑠𝑒𝑐 Modulus of unconfined concrete at the peak  𝛼1 Empirical factor for confinement-induced gain 

𝐸𝑠 Steel elastic modulus  𝛼2 Empirical factor for non-circularity effects 

𝑓𝑐 Concrete axial stress  𝜑 Curvature 

𝑓𝑐
′ Peak strength of unconfined concrete  𝜑𝑦 Yield curvature 

𝑓𝑐𝑐,𝑠𝑗
′  Peak strength of confined concrete  𝜑𝑢 Ultimate curvature 

𝑓𝑗 Confining stress of steel straps  𝜃𝑖 Rotation 

𝑓𝑙 Minimum confinement pressure  𝜃𝑏𝑏 Ultimate rotation capacity 

𝐹𝑙 Maximum confinement pressure  𝜃𝑝_𝑏𝑏 Plastic rotation threshold 

𝑓𝑠 Confining stress of steel stirrups  𝜀0 Axial strain at the peak stage 

𝐹𝑠𝑎 Axial stress at steel angles  𝜀𝑐 Axial strain 

𝑓𝑡 Concrete tensile strength  𝜀𝑐𝑐,𝑠𝑗 Axial strain at the peak stage 

𝑓𝑦𝑎 Yield stress of the steel angles  𝜀𝑙 Lateral/hoop strain 

𝑓𝑦𝑠 Yield stress of steel stirrups  𝜀𝑠 Tensile strain in steel bars 

ℎ Larger width of the section  𝜀𝑠𝑎 Axial strain at steel angles 

𝐾𝑒 Confinement effectiveness factor  𝜀𝑠𝑏 Yield strain of steel straps 

𝐾𝑒,𝑗 Confinement effectiveness factor  𝜀𝑠𝑦 Yield strain of steel stirrups 

𝐿1 Width of steel angles  𝜀𝑦𝑎 Yield strain of steel angles 

𝐿2 Width of steel straps  𝜌𝑗𝑥 Strap reinforcement ratio in x direction 

𝐿𝑒𝑓𝑓 Effective column length  𝜌𝑗𝑦 Strap reinforcement ratio in y direction 

𝐿𝑝 Plastic hinge length  𝜌𝑠𝑥 Stirrup reinforcement ratio in x direction 

𝑀𝑓 Bending capacity  𝜌𝑠𝑦 Stirrup reinforcement ratio in y direction 

𝑀𝑛 Equivalent bending capacity  𝜌𝑡 Total longitudinal reinforcement ratio 

𝑁 Applied axial load  𝜎 Normal stress 

𝑁𝑚𝑎𝑥 Maximum axial capacity  𝜎𝑐 Principal compressive stress 

𝑛𝑐 Local buckling-induced reduction  𝜎𝑡 Principal tensile stress 

𝑠′ Steel stirrup spacing  𝑡1 Thickness of steel angles 

𝑠𝑏 Steel strap spacing  𝑡2 Thickness of steel straps 

1. Introduction 

Evidence from past earthquakes, as well as numerous experimental and analytical studies [1-3] , clearly demonstrates the seismic 

vulnerability of reinforced concrete (RC) structures that were inadequately designed according to outdated codes. It is noteworthy 

that a significant portion of existing RC structures worldwide were constructed prior to the development and enforcement of modern 

seismic design codes; consequently, the seismic provisions embedded in contemporary codes were not considered in their original 

design [4, 5]. Therefore, in order to enhance the seismic performance of existing structures and align them with current performance-

based requirements, it is first essential to identify structural weaknesses and accurately assess seismic behavior, and subsequently, 

if necessary, to implement an appropriate strengthening strategy. 

In recent years, one of the retrofitting methods that has gained considerable attention from researchers and practicing engineers 

is the use of steel angle and strap (or batten) systems. This system not only significantly improves the seismic performance of 

members and the overall structure, but also offers advantages such as cost-effectiveness, ease of material availability, and relatively 

rapid and straightforward implementation [6-12]. Experimental studies by Salman and Al-Sherrawi [6] on RC columns strengthened 

with steel angle and strap systems under lateral loading demonstrated that this retrofitting method enhances the flexural behavior of 

members and substantially increases energy dissipation capacity. Montuori and Piluso [13] and Nagaprasad et al. [14] further 

evaluated the performance of the system through tests on eccentrically loaded strengthened columns. Their results indicated that the 

steel angle and strap system increases flexural strength through the participation of steel angles in resisting tensile and compressive 

forces, while simultaneously improving member ductility by enhancing confinement pressure provided by the straps. Campione et 

al. [15] focused on analytical modeling and proposed a model to estimate the flexural and shear capacity of RC columns strengthened 

with steel angle and strap systems. In this model, the compatibility of strains between the angles and concrete was neglected to 

account for shear stresses, resulting in a more conservative and safer prediction of structural behavior. Moreover, Campione [16], 

through a numerical study, examined the effect of steel angles and straps on the strength and ductility of RC columns, demonstrating 

that reducing the spacing between straps not only increases strength within the axial load-moment interaction domain but also 

significantly improves the ductility of strengthened members due to enhanced lateral confinement, as also confirmed by Shhatha et 

al. [9], Hu et al. [10], Campione [17], Badalamenti et al. [18]. 

The novelty of this study lies in the development of an integrated nonlinear analytical model that explicitly captures the coupled 

behavior of flexure, shear, confinement, and instability mechanisms in RC members strengthened with steel angle and strap systems. 
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At the material level, the model extends conventional confined concrete formulations by incorporating the combined and direction-

dependent confinement effects of stirrups and external steel straps through an iterative procedure for determining effective lateral 

pressure. At the sectional level, it introduces a unified fiber-based moment-curvature framework in which steel angles are fully 

integrated into strain compatibility and force equilibrium, while their compressive behavior includes local buckling effects, enabling 

realistic prediction of post-peak response. Furthermore, the model explicitly couples flexural deformation with shear capacity 

degradation by updating shear resistance as a function of member rotation and accounting for contributions from concrete, stirrups, 

steel straps, and angles. The bar buckling formulation is also extended to include the influence of external confinement. Importantly, 

unlike existing studies that are generally limited to member-level or uncoupled formulations, this work provides a consistent 

framework that captures coupled flexure-shear-confinement behavior and applies it from the sectional level to full structural 

analysis. To the best of the authors’ knowledge, such a comprehensive and unified modeling approach for steel angle and strap  

strengthening systems, validated at both member and structural levels, has not been previously reported. 

The paper first describes the strengthening system and the underlying modeling assumptions, followed by the development of 

the nonlinear analytical framework, including material constitutive relationships and sectional analysis procedures. The proposed 

model is then validated against available experimental results, and subsequently employed to assess the seismic response of multi-

story RC frames before and after strengthening. Finally, the key findings are discussed, and the main conclusions are drawn. 

2. Steel angle and strap strengthening method 

The strengthening system investigated in this study consists of steel angles installed at the corners of columns, which are 

interconnected by steel straps (or batten). This system, by establishing a combined confinement and structural participation 

mechanism, can effectively enhance the seismic performance of RC members. 

 
Fig. 1. Configuration of the steel angle and strap strengthening system. 

The main advantages of the steel angle and strap system can be summarized in three key aspects: 

1. Increased lateral confinement pressure on the concrete core, leading to a significant improvement in member ductility; 

2. Enhanced shear capacity and, when properly designed, the potential to shift the failure from brittle shear to ductile flexure; 

3. Provision of axial resistance (tension and compression) through the steel angles, which subsequently increases the flexural 

capacity of the column section. 

The effectiveness of the steel angle and strap system is directly dependent on the execution and quality of component 

connections. When the system is implemented in a discontinuous manner (as shown in Fig. 1), the steel straps primarily serve to 

provide lateral confinement, and the improvement in member behavior is reflected in enhanced strength and ductility [5]. In this 

case, due to the lack of effective force transfer, the steel angles do not actively participate in resisting tensile and compressive forces. 

In contrast, with continuous implementation of the strengthening system (Fig. 1), the steel angles actively contribute to the flexural 

behavior of the member by resisting both tensile and compressive forces, in addition to the ductility enhancement provided by 

concrete confinement. Therefore, the selection of appropriate detailing and ensuring proper continuity between the steel components 

and the RC member play a decisive role in the effectiveness of this strengthening method. 

3. Steel angle and batten strengthening method 

In this section, the methods used to determine the nonlinear behavior of RC members strengthened with the steel angle and strap 

system are described. Based on the discrete plastic hinge approach [19], the properties of RC members in the moment-rotation 

relationship can be determined through sectional moment-curvature analysis and the subsequent conversion of curvature to rotation. 

To perform this analysis, it is essential to define the nonlinear behavior of the materials used in the member; therefore, the method 

for calculating material properties is presented below. 
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3.1. Confined concrete with stirrups and steel batten 

The steel angle and strap strengthening system, in addition to the transverse reinforcement in the section, can enhance concrete 

behavior by increasing the confinement pressure [6, 8, 20]. The elevated confinement pressure results in improved strength and 

ductility of the reinforced concrete members, with detailed information of its mechanism that can be found in Shayanfar et al. [21], 

Shayanfar et al. [22], Shayanfar et al. [23]. In Fig. 2, the regions of an RC member section subjected to confinement pressure from 

the steel angle and strap strengthening system, as well as transverse reinforcement, are illustrated.  

 
Fig. 2. Sectional regions exposed to confinement provided by angle and batten system as well as stirrups. 

As can be observed in Fig.2, the cross-section of a reinforced concrete member strengthened with a steel angle and steel strip 

system can be divided into two regions based on the confinement pressure [24-26]: (I) Regions subjected to confinement pressure 

from the steel angles and steel strips; (II) Regions subjected to confinement pressure from the steel angles and steel strips in 

combination with the transverse reinforcement. However, in this paper, for the sake of conservatism and simplicity, the confined 

regions located outside the core of the section, which are confined by the aforementioned strengthening system, have been neglected. 

The details of the strengthening system under investigation are illustrated in Fig. 3. The parameters 𝑡1 and 𝑡2 denote the thicknesses 

of the steel angles and steel strips, respectively. The remaining parameters are shown and can be identified in Fig. 3. 

 
Fig. 3. Specimen of a reinforced concrete column strengthened with a steel angle and batten system. 

In this study, the axial stress-strain model for concrete proposed by Mander et al. [27], with some modifications, has been adopted 

to account for the confinement effect by the steel angle and batten system. The formulation can be expressed as Eq. 1. 

𝑓𝑐 =
𝑓′𝑐𝑐,𝑠𝑗𝑥𝑟

𝑟−1+𝑥𝑟   (1) 

where: 

𝑥 =
𝜀𝑐

𝜀𝑐𝑐,𝑠𝑗
  (2) 

𝑟 =
𝐸𝑐

𝐸𝑐−𝐸𝑠𝑒𝑐
  (3) 

𝐸𝑠𝑒𝑐 =
𝑓′𝑐𝑐,𝑠𝑗

𝜀𝑐𝑐,𝑠𝑗  

  (4) 

𝜀𝑐𝑐,𝑠𝑗 = 𝜀0 [1 + 5 (
𝑓′𝑐𝑐,𝑠𝑗

𝑓′𝑐
− 1)]  (5) 

Here, 𝐸𝑐 is the concrete elastic modulus; 𝑓′𝑐 and 𝜀0 are the axial stress and strain at the peak stage of unconfined concrete. The 

maximum compressive strength (𝑓𝑐𝑐,𝑠𝑗
′ ) of concrete confined by the steel angle and strap strengthening system, as well as transverse 

reinforcement, corresponds to 𝜀𝑐𝑐,𝑠𝑗 and can be calculated by Eq. 6. 

𝑓′𝑐𝑐,𝑠𝑗 = 𝛼1𝛼2𝑓′𝑐  (6) 

where: 

Confined by stirrups 

Confined by angles and battens 

Confined by stirrups, and angles and battens 

Steel angle

Steel batten
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𝛼1 = 2.254√1 +
7.94𝐹𝑙

𝑓′𝑐
− 2

𝐹𝑙

𝑓′𝑐
− 1.254  (7) 

𝛼2 = (1.4
𝑓𝑙

𝐹𝑙
− 0.6 (

𝑓𝑙

𝐹𝑙
)

2

− 0.8) √
𝐹𝑙

𝑓𝑙
+ 1  (8) 

In Eq. 1, 𝛼2 is used to account for the effect of varying lateral confinement in the vertical and horizontal directions of the section, 

following the study by Wang and Restrepo [28]. In this equation, 𝑓𝑙 and 𝐹𝑙 represent the minimum and maximum effective lateral 

confinement pressures, respectively, which can be calculated by Eqs. 9 and 10. 

𝑓𝑙 = 𝑚𝑖𝑛(𝑓𝑙,𝑠𝑥 + 𝑓𝑙,𝑗𝑥 , 𝑓𝑙,𝑠𝑦 + 𝑓𝑙,𝑗𝑦)  (9) 

𝐹𝑙 = 𝑚𝑎𝑥(𝑓𝑙,𝑠𝑥 + 𝑓𝑙,𝑗𝑥, 𝑓𝑙,𝑠𝑦 + 𝑓𝑙,𝑗𝑦)  (10) 

where: 

𝑓𝑙,𝑠𝑥 = 𝐾𝑒𝜌𝑠𝑥𝑓𝑠  (11) 

𝑓𝑙,𝑠𝑦 = 𝐾𝑒𝜌𝑠𝑦𝑓𝑠  (12) 

𝑓𝑙,𝑗𝑥 = 𝐾𝑒,𝑗𝜌𝑗𝑥𝑓𝑗  (13) 

𝑓𝑙,𝑗𝑦 = 𝐾𝑒,𝑗𝜌𝑗𝑦𝑓𝑗  (14) 

In the above equation, 𝜌𝑠𝑥 and 𝜌𝑠𝑦 denote the ratios of transverse reinforcement in the horizontal and vertical directions of the 

section, respectively. Similarly, 𝜌𝑗𝑥 and 𝜌𝑗𝑦 represent the ratios of steel straps in the horizontal and vertical directions, respectively. 

The parameter 𝑓𝑗 and 𝑓𝑠 corresponds to the lateral confining stress induced by the steel straps and transverse reinforcement. In 

addition, the coefficients 𝐾𝑒 and 𝐾𝑒,𝑗 represent the confinement effectiveness factors associated with the transverse reinforcement 

and the steel angle and strap strengthening system, respectively, whose values are determined by Eqs. 15 and 16. 

𝐾𝑒 =
(1−∑

𝑤𝑖
2

6𝑏ℎ
𝑛
𝑖=1 )(1−

𝑠′

2𝑏
)(1−

𝑠′

2ℎ
)

1−𝜌𝑡
  

(15) 

𝐾𝑒,𝑗 =
(1−𝜌𝑡−{(ℎ−2𝐿1)2+(𝑏.−2𝐿1)2})

3𝐴𝑔(1−𝜌𝑡)
× (1 −

𝑠𝑏−𝐿2

2ℎ
) (1 −

𝑠𝑏−𝐿2

2𝑏
)  (16) 

The parameter 𝑤𝑖  denotes the clear spacing between adjacent longitudinal reinforcing bars. In addition, 𝐴𝑠𝑣 and 𝐴𝑔 represent the 

total area of transverse reinforcement and the gross cross-sectional area, respectively. The ratio 𝜌𝑡 corresponds to the longitudinal 

reinforcement ratio with respect to the gross sectional area. To determine the lateral confining pressure corresponding to the 

maximum compressive strength of concrete, a novel procedure is proposed, which is described in the following section. 

1. Assume an initial value for the axial strain of concrete 𝜀𝑎. 

2. Convert the axial concrete strain to the corresponding lateral strain (parallel to the member cross-section) in the steel straps 

and transverse reinforcement, 𝜀𝑙, assuming a Poisson’s ratio equal to 0.5 [29, 30]. 

3. Calculate the stress developed in the steel batten.  

4. Calculate the stress developed in the transverse reinforcement. 

5. Determine the lateral confinement pressure induced by the steel angle and batten system using Eqs. 13 and 14. 

6. Determine the lateral confinement pressure provided by the transverse reinforcement using Eqs. 11 and 12. 

7. Calculate the maximum compressive strength of concrete based on Eq. 6. 

8. Determine the axial strain corresponding to the maximum compressive strength of concrete using Eq. 5. 

9. Compare the assumed axial strain in Step (1) with the axial strain obtained in Step (8). 

𝜀𝑙 = 0.5 × 𝜀𝑎  (17) 

𝑓𝑗 = 𝐸𝑗 × 𝜀𝑙  𝜀𝑙 ≤ 𝜀𝑦𝑏  (18) 

𝑓𝑗 = 𝑓𝑦𝑗  𝜀𝑙 > 𝜀𝑦𝑏  (19) 

𝑓𝑠,𝑗 = 𝐸𝑠 × 𝜀𝑙  𝜀𝑙 ≤ 𝜀𝑠𝑦  (20) 

𝑓𝑠,𝑗 = 𝑓𝑦𝑠 𝜀𝑙 > 𝜀𝑠𝑦  (21) 
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If the axial strain assumed in Step (1) shows adequate convergence with the value obtained in Step (8), the concrete stress-strain 

behavior can be evaluated using Eq. 1, based on the maximum compressive strength determined in Step (7) and the corresponding 

axial strain obtained in Step (8). Otherwise, a new value for the axial strain is assumed in Step (1), and the calculation procedure is 

repeated until convergence is achieved. 

3.2. Local buckling of compressed steel angles 

Based on previous studies [13, 14, 18, 20, 31], the effects of local buckling must be considered in the moment-curvature analysis 

of steel angles under compression used in strengthening systems. In the present study, the analytical model proposed by Campione 

[17] is adopted, which is based on the findings of Badalamenti et al. [18] and accounts for the influence of local buckling on the 

nonlinear behavior of compressed steel angles. According to this model, the stress-strain relationship of the compressed steel angles 

is defined by Eqs. 22 and 23. 

𝑚𝑖𝑛(𝐸𝑠𝜀𝑠, 𝑛𝑐
 𝑓𝑦𝑎)  𝜀𝑠 ≤ 𝜀𝑦𝑎  (22) 

𝑚𝑖𝑛(𝑓𝑦𝑎, 𝑛𝑐
 𝑓𝑦𝑎)  𝜀𝑠 > 𝜀𝑦𝑎  (23) 

where: 

𝑛𝑐 =
1

√2𝜀𝑠−𝜀𝑠
2

{0.5
𝐿1𝑡1

𝑠𝑏𝑡2
(1 − 0.5

𝑅

𝑓𝑦𝑎
) − 𝐶}  (24) 

𝑅 = 𝑚𝑖𝑛(𝜀𝑠𝐸𝑠 , 𝑓𝑦𝑎)  (25) 

𝐶 = 0.47
𝐸𝑠𝜀𝑠

𝑡2𝑏𝑓𝑦𝑎
(

𝑒
[−1.5(

𝑠𝑏
𝑏 )]

[
𝐿1

(𝑠𝑏𝑡1)
]+[

(0.5𝑏−𝐿1)

(𝐿2𝑡2)
]
)  (26) 

where 𝑓𝑦𝑎  denotes the yield stress of the compressed steel angles corresponding to the compressive strain 𝜀𝑦𝑎. By modifying the 

stress-strain relationship of the compressed angles, when the local buckling mechanism initiates (0 < 𝑛𝑐 < 1), a decrease in 𝑛𝑐 leads 

to a reduction in the longitudinal stress and, consequently, the compressive force developed in the steel angles. This reduction in 

longitudinal stress directly affects the strain compatibility and force equilibrium relationships. 

 
Fig. 4. Longitudinal stress-longitudinal strain relationship of steel angles under compression. 

3.3. Moment-curvature analysis 

In this section, the theoretical framework and analytical procedure for performing moment-curvature analysis of an RC member 

strengthened with a steel angle and steel strip system are presented. Moment-curvature analysis is a sectional nonlinear analysis 

method used to characterize the flexural response of structural members. It establishes the relationship between the applied bending 

moment and the resulting curvature of the cross-section, thereby enabling evaluation of stiffness degradation, yielding progression, 

confinement effects, and ultimate flexural capacity. 

The method is particularly suitable for composite or strengthened sections, where multiple materials with distinct constitutive 

laws interact. In the present study, by following Shayanfar et al. [32], Shayanfar et al. [33], Shayanfar et al. [34], a fiber-based 

sectional modeling approach is employed. In this technique, the cross-section is discretized into numerous small fibers, each 

assigned an appropriate uniaxial stress-strain relationship according to its material type (confined concrete, unconfined concrete, 

longitudinal reinforcement, and steel angles). Under the assumptions of strain compatibility and plane sections remaining plane, the 

strain distribution across the depth of the section is determined from the imposed curvature. The internal forces are then obtained 

by integrating the stresses over the sectional area, and equilibrium with the applied axial load is enforced to compute the 

corresponding bending moment [35]. Fig. 5 schematically illustrates the fiber-section model of a reinforced concrete member 

strengthened with the steel angle and steel strip system. In Fig. 5, 𝐹𝑠𝑎 and 𝑓𝑠𝑎 denote the longitudinal force and longitudinal stress 

in the steel angles at the section level, respectively. The remaining variables, including sectional geometry, strain distribution, and 

internal force components, are defined within Fig. 5. 

All dimensions are in mm
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Fig. 5. Fiber analysis of a reinforced concrete member strengthened with a steel angle and steel strip system: (a) cross-section; (b) 

distribution of longitudinal strains; (c) distribution of longitudinal stresses; and (d) distribution of compressive and tensile forces 

within the section. 

The moment-curvature analysis procedure employed in this study can be summarized as follows: 

1. Assume a value for the concrete strain at the extreme fiber of the section. 

2. Assume a value for the neutral axis position, 𝑐. 

3. Calculate the total compressive forces in the concrete, the tensile and compressive forces in the longitudinal reinforcement, 

and the tensile and compressive forces in the steel angles (Eqs. 27 to 29). 

𝐶𝑐𝑜𝑛 = ∑ 𝑓𝑐(𝑥)𝑏 𝑡𝑠  (27) 

𝐹𝑠𝑖 = ∑ 𝑓𝑠𝑖𝐴𝑠𝑖  (28) 

𝐹𝑠𝑎 = ∑ 2𝑓𝑠𝑎𝐿1𝑡1  (29) 

4. Check the force equilibrium in the section (𝐶𝑐 + 𝐹𝑠𝑖 + 𝐹𝑠𝑎 − 𝑁 = 0). If the sum 𝐶𝑐 + 𝐹𝑠𝑖 + 𝐹𝑠𝑎 is close to the applied axial 

force, the assumed neutral axis position is correct. Otherwise, a new value for the neutral axis position must be assumed. 

5. Calculate the bending moment (Eq. 30), in which 𝑑𝑖 and 𝑑𝑎𝑖  are the distances of the steel bar and steel angles to the top of 

the section. 

𝑀𝑓 = ∑ 𝑓𝑐(𝑥)𝑏 𝑡𝑠𝑥𝑖 + ∑ 𝐹𝑠𝑖 (
ℎ

2
− 𝑑𝑖) + ∑ 𝐹𝑠𝑎 (

ℎ

2
− 𝑑𝑎𝑖)  (30) 

6. Curvature Calculation (Eq. 31) 

𝜑𝑖 =
𝜀𝑐

𝑐
  (31) 

7. Assume a new value for the concrete strain at the extreme fiber of the section, and repeat the process until the strain in a 

fiber of the confined region reaches its maximum value. 

8. Determine the moment-curvature relationship. 

Using the above procedure, the moment-curvature relationship of the RC member strengthened with the steel angle and strap 

system can be obtained. By converting this relationship into a moment-rotation relationship based on the plastic hinge approach 

(Fig. 6), the properties of plastic hinges can be derived. The rotation of the RC member corresponding to each curvature level can 

be calculated by Eqs. 32 and 33). 

𝜃𝑖 =
𝜑𝑖×𝐿𝑒𝑓𝑓

2
  𝜑𝑖 < 𝜑𝑦  (32) 

𝜃𝑖 =
𝜑𝑦×𝐿𝑒𝑓𝑓

2
+ (𝜑𝑖 − 𝜑𝑦) × 𝐿𝑝  𝜑𝑖 ≥ 𝜑𝑦  (33) 

where: 

𝐿𝑒𝑓𝑓 = 𝐿 + 0.022𝑓𝑠𝑑𝑏          𝑓𝑠 ≤ 𝑓𝑦  (34) 

𝐿𝑝 = 0.08𝐿 + +0.022𝑓𝑦𝑑𝑏 ≥ 0.044𝑓𝑦𝑑𝑏  (35) 

Here, 𝜑𝑦 and 𝜑𝑢 represent the yield and ultimate curvature of the transverse reinforcement, respectively. The plastic hinge length 

of the member, 𝐿𝑝, is calculated based on the relationship proposed by Paulay and Priestly [36]. 𝐿 is the distance between the 

maximum and zero moment, produced in the member.  
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Fig. 6. Plastic hinge approach. 

3.4. Shear behavior of RC member with steel angle and batten strengthening method 

Insufficient shear capacity in RC members such as beams and columns can lead to nonlinear behavior and a brittle shear failure 

mechanism [37-39]. The formation of diagonal shear cracks in RC columns and the subsequent reduction in axial load-carrying 

capacity may cause axial failure of these members, thereby increasing the vulnerability of the structure to seismic actions. 

Conversely, increased flexural deformations and rotations of the member, accompanied by the development of diagonal tensile 

cracks, can reduce shear capacity. Under seismic loading, as flexural deformations and rotations increase, after yielding of the 

longitudinal tensile reinforcement, the width of flexural cracks grows and tensile crushing and cracking of concrete occur in 

compressive zones of the section [1, 40-42]. Moreover, with the increase in flexural deformations, the height of the neutral axis 

decreases, which can further reduce the shear capacity of the RC member. Therefore, simulation of the shear mechanism in nonlinear 

analysis of structural members as a function of flexural deformations is necessary and constitutes one of the objectives of this paper. 

For a member strengthened with a steel angle and steel strip system, in addition to stirrups and concrete, the steel strips and angles 

also contribute to the shear capacity of the member. Accordingly, in this study, to determine the contribution of the angles and strips 

to shear resistance, the model proposed by Campione et al. [15] has been employed, which is expressed in the following equations. 

𝑉𝑎𝑛𝑔𝑙𝑒𝑠 = 𝑐1
𝐿1

2×𝑡1

2×𝑠𝑏
𝑓𝑦𝑎  (36) 

𝑉𝑏𝑎𝑡𝑡𝑒𝑛 = 𝑐2
2𝐿2×𝑡2×𝑑

𝑠𝑏
𝑓𝑦𝑏  (37) 

where: 

𝑐1 =
1

1+[(
𝐿2
𝐿1

)
3

×
𝑡2𝑠𝑏

𝑡1(𝑏−2𝐿1)
]
  (38) 

𝑐2 = 1 −
𝑁

𝑁𝑚𝑎𝑥
  (39) 

In the above equations, 𝑓𝑦𝑏 represent the yield stresses of the steel angles and steel strips, respectively. 𝑁𝑚𝑎𝑥  denotes the 

maximum axial capacity of the member strengthened with the steel angle and steel strip system, which in this study is calculated by 

Eq. 40. 

𝑁𝑚𝑎𝑥 = 𝑓′𝑐𝑐  𝐴𝑐𝑜𝑛 + 0.85𝑓′𝑐  𝐴𝑢𝑛𝑐 + 𝑓𝑦𝐴𝑠𝑡 + 8𝑛𝑎𝑓𝑦𝑎𝐿1𝑡1  (40) 

In which, based on studies by Campione [15-17]: 

0 ≤ 𝑛𝑎 =
1

2𝑓𝑦𝑎𝐿1𝑡1
√4𝐿1𝑓𝑦𝑎 (𝐿1

2𝑡1𝑓𝑦𝑎 − 2√2
𝐿2𝑡2𝑠𝑏𝑓𝑦𝑏

3𝐿1
𝑒

(−1.5
𝑠𝑏
𝑏

)
) ≤ 1  (41) 

In the above relations, 𝐴𝑐𝑜𝑛  and 𝐴𝑢𝑛𝑐 denote the areas of confined and unconfined regions, respectively. The coefficient 𝑛𝑎 

accounts for the effects of angle buckling on the compressive force contributed by the angles. To determine the concrete contribution 

to shear capacity, various models have been proposed in the technical literature [20, 43-47]. However, since significant regions of 

the member cross-section are affected by confinement pressure from the steel strips and their interaction with stirrups as functions 

of eccentricity, the aforementioned models do not appear fully efficient.  

In the present study, the shear model proposed by Shayanfar and Akbarzadeh Bengar [19] which determines the concrete shear 

capacity based on fiber analysis, has been extended to compute the concrete contribution to shear capacity in an RC member 

strengthened with a steel angle and steel strip system. By adopting Mohr’s circle theory, the principal compressive (𝜎𝑐) and tensile 

(𝜎𝑡) stresses in an element under normal (axial) stress 𝜎 and shear stress 𝜈 of the RC member cross-section (Fig. 7) can be determined 

by Eqs. 42 and 43. 

𝜎𝑐 =
𝜎

2
+ √

𝜎2

4
+ 𝜈2 ≤ 𝑓𝑐𝑐  (42) 

𝜎𝑡 =
𝜎

2
− √

𝜎2

4
+ 𝜈2 ≤ 𝑓𝑡  (43) 
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Here, 𝑓𝑐𝑐 and 𝑓𝑡 represent the compressive and tensile failure surfaces, respectively, which have been defined based on the model 

proposed by Park et al. [48] and the Rankine failure criterion. The tensile strength 𝑓𝑡 has been taken equal to 𝑓𝑡 = 0.292√𝑓′𝑐 

according to the study conducted by Shayanfar and Akbarzadeh Bengar [19]. 

 
Fig. 7. Rankine failure criteria adopted for concrete. 

By rewriting Eqs. 42 and 43, the shear stress capacity of an element located in the compression zone of the section can be 

expressed as shown in Eqs. 44 to 46. 

𝜈𝑐(𝑦𝑖) = √𝜎𝑐[𝜎𝑐 − 𝜎(𝑦𝑖)]  Contributed by compression (44) 

𝜈𝑡(𝑦𝑖) = √𝜎𝑡[𝜎𝑡 + 𝜎(𝑦𝑖)]  Contributed by tension (45) 

𝑣𝑛 = ∑ 𝜈(𝑦𝑖) = ∑ 𝑚𝑖𝑛(√𝜎𝑡[𝜎𝑡 + 𝜎(𝑦𝑖)], √𝜎𝑐[𝜎𝑐 − 𝜎(𝑦𝑖)])  (46) 

where 𝑦𝑖 is the distance of each element within the compression zone from the neutral axis 𝑐, which is determined through fiber 

section analysis. The shear stress capacity contribution of concrete in each strip of the compression zone, 𝑣(𝑦𝑖), is taken as the 

smaller value between 𝜈𝑐,𝑖(𝑦𝑖) and 𝜈𝑡,𝑖(𝑦𝑖). Accordingly, for each assumed neutral axis depth, the total shear strength of the RC 

member (considering the contributions of concrete, steel angles, steel batten, and transverse reinforcement) can be determined as 

shown in Eq. 47. 

𝑉𝑛 = ∑ 𝑣(𝑦𝑖) × 𝑏 × 𝑡𝑦]
𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒

+ 𝑐1
𝐿1

2×𝑡1

2×𝑠𝑏
𝑓𝑦𝑎]

𝐴𝑛𝑔𝑙𝑒
+ 𝑐2

2𝐿2×𝑡2×𝑑

𝑠𝑏
𝑓𝑦𝑏]

𝐵𝑎𝑡𝑡𝑒𝑛
+

𝐴𝑠𝑣𝑓𝑠𝑦𝑑𝑠

𝑠
]

𝑆𝑡𝑖𝑟𝑟𝑢𝑝
  (47) 

where 𝑡𝑦 denotes the thickness of each fiber element in the vertical direction. 

To define the plastic hinge properties of RC members while accounting for shear mechanism effects, the shear contribution is 

incorporated into the flexural moment-rotation relationship by multiplying the shear capacity by the shear span, 𝐿 (Eq. 48). 

𝑀𝑛 = 𝑉𝑛 × 𝐿 (48) 

Using this approach, the influence of shear can be introduced into the member’s flexural moment-rotation response. Fig. 8 

illustrates the interaction between nonlinear flexural and shear behaviors in RC members, both strengthened and unstrengthened. 

As shown in the figure, the shear capacity of the member is a function of its rotation; specifically, with increasing member rotation, 

the shear capacity decreases. Furthermore, three distinct nonlinear behavioral modes (flexural failure, flexural-shear failure, and 

shear failure) can be determined by comparing the shear and flexural capacities of the member. Therefore, through the 

aforementioned procedure, the effects of the shear mechanism in RC members can be simulated by means of an equivalent flexural 

plastic hinge or a rotational spring model. 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Interaction between flexural and shear behaviors: (a) shear failure; (b) flexural-shear failure; and (c) flexural failure. 
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3.5. Longitudinal reinforcement buckling 

In this section, a procedure is presented to simulate the effects of longitudinal reinforcement buckling on the seismic response 

of an RC member strengthened with a steel angle and steel strip system. In this paper, the model proposed by Berry and Eberhard 

[49] has been adopted to simulate longitudinal bar buckling. According to this model, the maximum rotation capacity of an RC 

member is governed by the onset of longitudinal reinforcement buckling. The steel angle and strip strengthening system, similar to 

transverse reinforcement (stirrups), can act as a lateral restraint for the longitudinal bars, thereby delaying the buckling mechanism 

[50]. In this study, the Berry and Eberhard [49] buckling model has been extended to account for the influence of steel angles and 

strips on the buckling phenomenon. Accordingly, the plastic rotation at the onset of longitudinal bar buckling can be determined by 

Eq. 49. 

𝜃𝑝_𝑏𝑏 = 𝐶0(1 + 𝐶1𝜌𝑒𝑓𝑓,𝑓) (1 + 𝐶2
𝑁

𝐴𝑔𝑓′𝑐
)

−1

(1 + 𝐶3
𝐿

ℎ
+ 𝐶4

𝑓𝑦𝑑𝑏

ℎ
)  (49) 

where: 

𝜌𝑒𝑓𝑓,𝑗 =
𝑓𝑦𝑣𝜌𝑠+0.85𝑓𝑦𝑏𝜌𝑠,𝑏

𝑓𝑐
  (50) 

In these expressions, 𝐶0, 𝐶1, 𝐶2, 𝐶3, and 𝐶4 are constants proposed by Berry and Eberhard [49], equal to 0.019, 1.65, 1.797, 

0.012, and 0.072, respectively. The parameters 𝜌𝑠 and 𝜌𝑠,𝑏 denote the volumetric ratios of stirrups and steel strips, respectively. The 

coefficient 0.85 in Eq. 50 reflects the relatively lower effectiveness of the external steel angle-strip strengthening system compared 

with internal stirrups in restraining longitudinal bar buckling, due to its installation outside the section core. Finally, the ultimate 

rotation of the strengthened member corresponding to longitudinal reinforcement buckling can be calculated by Eq. 51. 

𝜃𝑏𝑏 =
𝜑𝑦𝐿

2
+ 𝜃𝑝_𝑏𝑏  (51) 

Therefore, the ultimate rotation capacity of the RC member can be controlled by the aforementioned buckling criterion. 

3.6. Ultimate conditions of nonlinear analysis  

In this section, the criteria considered in this paper for defining the ultimate conditions of the nonlinear analysis of an RC member 

are described. To perform the moment-curvature analysis in accordance with the proposed model, it is necessary to define 

termination criteria at which the nonlinear analysis is stopped. In this paper, the stopping criteria are defined as follows: 

1. When the longitudinal strain of concrete at the extreme fiber of the confined compression zone reaches the ultimate 

longitudinal strain of confined concrete, the moment-curvature analysis is terminated. 

2. When the longitudinal strain in the tensile longitudinal reinforcement reaches the maximum steel strain, the moment-

curvature analysis is terminated. 

3. When the longitudinal strain in the tensile steel angles reaches the maximum steel strain, the moment-curvature analysis is 

terminated. 

4. In the case of shear failure, based on the studies by Williams and Sexsmith [51] and Park et al. [48], the maximum member 

rotation corresponds to 80% of the maximum member strength at the intersection point of the shear and flexural capacity 

curves. 

5. If a reduction greater than 20% occurs in the flexural capacity of the member, the moment-curvature analysis is terminated. 

6. When the member rotation exceeds the longitudinal reinforcement buckling limit, the moment-curvature analysis is 

terminated. 

Thus, by employing the above criteria, the ultimate conditions for terminating the moment-curvature analysis can be defined. 

4. Validation of the proposed model for nonlinear behavior of strengthened columns 

For validation purposes, the experimental study conducted by Li et al. [52] on RC columns strengthened with a steel angle and 

steel strip system under constant axial load was utilized. The tested columns had a concrete compressive strength of 32.7 MPa. The 

experimental program included specimens strengthened using a steel jacket composed of steel angles at the corners connected by 

transverse steel strips. The applied axial loads ranged from 180 kN to 420 kN, corresponding to axial load ratios between 0.13 and 

0.29. Two types of steel angles were used in the strengthening scheme: Angle 1 (40 × 40 × 4 mm, yield strength 350 MPa) and 

Angle 2 (30×30×3 mm, yield strength 338.5 MPa). Angle 2 was used only in specimen B223, while the remaining strengthened 

specimens utilized Angle 1. The steel strips had a cross-section of 30 × 3 mm with a yield strength of 533.3 MPa. The longitudinal 

reinforcement consisted of 14-mm diameter bars with a yield strength of 384.8 MPa, while the transverse reinforcement consisted 

of 8-mm diameter stirrups with a yield strength of 326.9 MPa. All tested specimens exhibited flexural failure modes. Further details 

regarding specimen geometry and test configuration are provided in Li et al. [52]. To validate the proposed nonlinear model, the 

predicted moment-axial force interaction diagrams were compared with the experimental results reported by Li et al. [52] in Fig. 9. 

The comparison indicates good agreement between analytical predictions and experimental data for different axial load levels. This 
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consistency confirms the reliability of the proposed modeling approach and supports the assumptions adopted in the nonlinear 

analysis of RC members strengthened with the steel angle and strip system. 

  

  

Fig. 9. Results of the nonlinear model for the column specimens tested by Li et al. [52]. 

Nagaprasad et al. [14] conducted experimental tests on steel-jacketed RC columns subjected to constant axial load and lateral 

loading. The specimens were strengthened using a steel angle and strip configuration, and all exhibited flexural failure. The concrete 

compressive strength was reported as 37.7 MPa. The experimental program included measurements of material properties for 

longitudinal reinforcement, transverse reinforcement, and the steel strengthening components, which were used to characterize the 

mechanical behavior of the specimens. Further experimental details are available in Nagaprasad et al. [14]. To validate the proposed 

nonlinear model, analytical predictions were compared with the experimental results. 

As shown in Fig. 10, the moment-axial force interaction diagrams generated by the model showed satisfactory agreement with 

the test data across different loading conditions. This consistency confirms the capability of the model to capture the nonlinear 

response of strengthened RC columns and supports the assumptions adopted in the analytical formulation. The validation results 

demonstrate the reliability of the proposed modeling approach for predicting the behavior of members strengthened with steel angle 

and strip systems under combined axial and lateral loading. 

  
Fig. 10. Comparison between nonlinear analysis results and experimental data reported by Nagaprasad et al. [14]. 

Germano et al. [53] conducted experimental tests on RC columns subjected to constant axial load and lateral displacement. The 

specimens differed in transverse reinforcement detailing (types A and C) to investigate the influence of stirrup configuration on 

structural response. The columns had a height of 1800 mm and a shear span of 1565 mm, and all specimens exhibited flexural 
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failure. Experimental load-displacement responses were reported and used for model validation. Based on Fig. 11, the comparison 

between analytical predictions and test results demonstrates satisfactory agreement in terms of lateral stiffness, peak resistance, and 

displacement capacity. The nonlinear model successfully captures the overall load-displacement behavior and seismic response 

characteristics of the tested columns. Although minor deviations were observed in the prediction of initial stiffness for one specimen, 

the model provides reliable estimations of ultimate strength and ductility. These results confirm the applicability of the proposed 

analytical approach for assessing the nonlinear behavior of RC columns under lateral loading conditions. 

  

  
Fig. 11. Load-displacement results from nonlinear analysis compared with experimental data for column specimens tested by 

Germano et al. [53]. 

A single-span, two-storey reinforced concrete frame with a fixed base was experimentally studied by Duong et al. [54]. Lateral 

displacement was imposed at the second-storey beam to evaluate seismic behavior. The concrete compressive strength was measured 

as 42.9 MPa, and further experimental details are available in the original publication. For validation of the analytical procedure, 

nonlinear simulations were performed using two modeling approaches: (I) a model in which shear effects were neglected, and 

member response was assumed to be governed solely by flexure, and (II) a model incorporating shear effects according to the 

procedure adopted in this study. Based on Fig. 12, the comparison of numerical and experimental load-displacement responses 

indicates satisfactory agreement when shear effects are included, with the model accurately capturing stiffness degradation and 

ultimate displacement capacity. Conversely, exclusion of shear effects resulted in significant discrepancies in the predicted structural 

response. Both strength and ductility were inadequately represented, and the experimentally observed failure mechanisms – shear 

failure in the beams and flexural cracking in the columns – could not be reproduced with sufficient accuracy. These results 

demonstrate that consideration of shear effects is essential for realistic simulation of nonlinear behavior and failure modes in RC 

frames. 

 
Fig. 12. Comparison of force-displacement responses of the frame: experimental results (Duong et al. [54]) and numerical analysis. 
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5. Evaluation of the steel angle and strip strengthening system at the structural level 

In this section, the influence of the steel angle and strip strengthening system on the seismic performance of reinforced concrete 

structures is investigated. Three RC frame structures with four, six, and eight stories and three spans were designed, each with a 

story height of 3 m and a span width of 5 m. The configurations of the four-, six-, and eight-story frames (denoted as frames A, B, 

and C, respectively) are illustrated schematically in Fig. 13. The structural design was carried out in accordance with the Iranian 

seismic code, adopting standard equivalent static procedures for seismic load determination, with a lateral force distribution 

consistent with an inverted triangular pattern along the height of the structures. In the design process, the total dead load and a 

representative portion of the live load were considered in combination with the seismic loads, and member stiffness properties were 

defined in line with standard reinforced concrete design provisions (e.g., ACI-based practice). A notable characteristic of these 

structures is the relatively large spacing between transverse reinforcement (stirrups), which results in reduced confinement of the 

concrete core. The dimensions and reinforcement details for the beam and column sections (sections A-F) are summarized in Table 

1. The notations 𝐴𝑠,𝑡𝑜𝑝 and 𝐴𝑠, bot represent the areas of reinforcement at the top and bottom of the beam sections, respectively. 

The longitudinal reinforcement arrangement is specified as 16 bars of 25 mm diameter (denoted as n16φ25). The concrete 

compressive strength and the yield and ultimate strengths of the longitudinal and transverse reinforcement were taken as 25 MPa, 

420 MPa, and 650 MPa, respectively. The diameter of the stirrups was 10 mm, consistent with the reinforcement details provided 

in Table 1. In all stories, three layers of stirrups were provided in the beam-column joint regions to enhance confinement and mitigate 

diagonal cracking within the joint core. Based on previous studies [3, 55], this reinforcement detailing is sufficient to improve shear 

resistance and reduce joint damage, thereby justifying the assumption of rigid joint behavior in the analysis. The seismic design of 

the frames was based on a design ground acceleration of 0.3 g and soil type III, corresponding to a high seismic hazard zone. The 

base shear was determined in accordance with the seismic design provisions. Dead and live loads were considered as 30 kN/m and 

10 kN/m, respectively, in the structural design. This structural configuration enables evaluation of the effectiveness of the steel 

angle and strip strengthening system in enhancing seismic performance and mitigating damage under lateral loading conditions. 

   
(a) (b) (c) 

Fig. 13. Geometric configuration of the studied structures: (a) four-story frame (frame A); (b) six-story frame (frame B); and (c) 

eight-story frame (frame C). 

In the nonlinear analysis performed in SAP2000 Version 20.2.0 [56], the plastic hinges assigned to beams and columns were 

defined as user-defined hinges based on the proposed analytical model. Specifically, M3 hinges were assigned to beam elements 

and P-M3 interaction hinges were assigned to column elements. Although these hinges are classified as flexural hinges, their 

defining properties were derived from the proposed model, which inherently incorporates the influence of shear behavior, 

confinement effects, and material nonlinearities in the moment-curvature response used to define hinge properties. The hinges were 

located at a distance equal to 50% of the plastic hinge length from the element ends, which is consistent with common modeling 

practice to represent the development of inelastic rotations away from the critical section. The hinge behavior, including yield and 

post-yield characteristics, was directly informed by the analytical formulation presented in the study, ensuring consistency between 

the sectional modeling and the global structural response. In the studied frames, the strengthening strategy is focused on improving 

the seismic performance of the structure and enhancing nonlinear behavior at the locations of plastic hinge formation. Tables 2 to 4 

present the details of the steel angles and steel strips designed for the four-, six-, and eight-story frames. 

 Fig. 14 illustrates an example of the steel angle and strip configuration in frame F, first story, at an interior beam-column joint. 

It should be noted that in all members, the spacing of steel strips within the plastic hinge region was designed as 200 mm, while 

outside this region it was increased to 350 mm. The strengthening system was designed as a continuous configuration in all frames, 

allowing the steel angles to contribute to both tensile and compressive load transfer. This continuity enhances the flexural capacity 

of the members and improves overall seismic performance. 
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Table 1. Dimensions and reinforcement details of sections (A to F). 

Section Type 𝒃 (mm) 𝒉 (mm) 𝑨𝒔𝒕 𝑨𝒔,𝒕𝒐𝒑 𝑨𝒔,𝒃𝒐𝒕 Stirrup 

A-A Column 600 600 n16φ25 – – d10@450 

B-B Column – – n16φ18 – – – 

C-C Column 500 500 n16φ16 – – – 

D-D Beam – – – n4φ25 n6φ25 d10@140 

E-E Beam – – – n4φ22 n6φ22 d10@175 

F-F Beam – – – n3φ18 n6φ18 d10@250 

 

Table 2. Steel angle and strip details for frame D. 

Story 
External angle 

(beam) 

External angle 

(column) 

External strip 

(beam) 

External strip 

(column) 

Internal angle 

(beam) 

Internal angle 

(column) 

Internal strip 

(beam) 

Internal strip 

(column) 

1 4 × 40 × 40 6 × 60 × 60 4 × 40 5 × 50 4 × 40 × 40 6 × 60 × 60 4 × 40 5 × 50 

2 – 8 × 80 × 80 – 7 × 70 – 8 × 80 × 80 – 7 × 70 

3 – 3 × 30 × 30 – 3 × 30 – 5 × 50 × 50 – 5 × 50 

4 – 3 × 30 × 30 – 3 × 30 – 3 × 30 × 30 – 3 × 30 

 

Table 3. Steel angle and strip details for frame E. 

Story 
External angle 

(beam) 

External angle 

(column) 

External strip 

(beam) 

External strip 

(column) 

Internal angle 

(beam) 

Internal angle 

(column) 

Internal strip 

(beam) 

Internal strip 

(column) 

1 – 5 × 50 × 50 – 4 × 40 – 5 × 50 × 50 – 4 × 40 

2 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 4 × 40 × 40 5 × 50 × 50 4 × 40 4 × 40 

3 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 

4 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 

5 – 4 × 40 × 40 – 3 × 30 – 4 × 40 × 40 4 × 40 3 × 30 

6 – – – – – – – – 

 

Table 4. Steel angle and strip details for frame F. 

Story 
External angle 

(beam) 
External angle 

(column) 
External strip 

(beam) 
External strip 

(column) 
Internal angle 

(beam) 
Internal angle 

(column) 
Internal strip 

(beam) 
Internal strip 

(column) 

1 4 × 40 × 40 7 × 70 × 70 4 × 40 6 × 60 4 × 40 × 40 5 × 50 × 50 5 × 50 4 × 40 

2 5 × 50 × 50 4 × 40 × 40 5 × 50 3 × 30 5 × 50 × 50 4 × 40 × 40 4 × 40 3 × 30 

3 5 × 50 × 50 4 × 40 × 40 5 × 50 3 × 30 5 × 50 × 50 4 × 40 × 40 4 × 40 3 × 30 

4 5 × 50 × 50 4 × 40 × 40 5 × 50 3 × 30 5 × 50 × 50 4 × 40 × 40 4 × 40 3 × 30 

5 4 × 40 × 40 4 × 40 ×40 4 × 40 3 × 30 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 

6 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 4 × 40 × 40 5 × 50 × 50 5 × 50 4 × 40 

7 – – – – – – – – 

8 – – – – – – – – 

 

 
Fig. 14. Example of the steel angle and strip strengthening configuration in frame F, first story, interior beam-column joint. 

In this sense, the geometry and mechanical properties of the strengthening elements are not arbitrary inputs, but are the direct 

outcome of a performance-driven design process. It should be emphasized that there is no unique or closed-form solution for 

selecting the strengthening layout, as the response depends on load distribution, members’ capacity, and the interaction between 

confinement, flexural resistance, and shear capacity at both member and structural levels. Therefore, the adopted iterative approach 

represents a rational and standard methodology in performance-based seismic design, ensuring that the final configuration is both 

efficient and consistent with the targeted performance objective. 
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5.1. Seismic behavior of structures A to F 

In this section, the nonlinear response and seismic performance of the RC structures (Frames A to F) are evaluated before and 

after strengthening with the steel angle and shear strip system. The parameters of interest include the load-displacement behavior, 

seismic performance, and plastic hinge formation patterns at the performance point and ultimate deformation state. Nonlinear static 

analysis was conducted using SAP2000 Version 20.2.0 [56], and plastic hinges were defined in accordance with the procedures 

described in this study. A triangular lateral load distribution was applied. Fig. 15 presents the results of nonlinear analysis in terms 

of lateral load-displacement response and the distribution of plastic hinges at the ultimate state. For the four-story frame, the results 

indicate that frame A exhibits improved strength and ductility after strengthening. 
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Fig. 15. Load-displacement response and corresponding damage pattern at the ultimate state. 
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The damage pattern shows that plastic hinges form in all columns prior to strengthening, with rotations in the second and third 

stories being more pronounced. This suggests the possibility of a soft-story mechanism in these regions. Following strengthening, 

plastic hinges predominantly form in the beams, while hinge rotations in the columns of the second and fourth stories are reduced 

and remain well below their ultimate limits. 
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Fig. 16. Spectral acceleration-spectral displacement results and the damage pattern corresponding to the performance point. 

Although the maximum lateral displacement of the strengthened frame exceeds that of the unstrengthened configuration, the 

post-strengthening hinge distribution reflects a more favorable failure mechanism. In the six-story frame, strengthening improved 

lateral stiffness and initial strength. However, the maximum lateral displacement in the strengthened configuration was slightly 

lower than in the original frame. The damage pattern indicates that plastic hinge rotations in the fifth-story columns approached 
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their ultimate limits, increasing the likelihood of a soft-story mechanism. To address this, the strengthening strategy prioritized 

column enhancement while avoiding excessive stiffening of adjacent beams, thereby encouraging plastic hinge formation in beams 

rather than columns. After strengthening, plastic hinges predominantly developed in beams, while column hinge rotations were 

limited to yield-level deformations in the second story and remained moderate in the top story where strengthening was not applied. 

For the eight-story frame, strengthening resulted in improved strength, ductility, and initial stiffness. The damage pattern revealed 

that plastic hinge rotations in the fifth and sixth stories approached ultimate limits, indicating a potential soft-story mechanism in 

these regions. After strengthening, hinge formation was primarily observed in the beams, while column rotations in the critical 

stories were reduced. Although the maximum lateral displacement of the strengthened frame remained greater than that of the 

unstrengthened frame, the plastic hinge distribution and failure pattern were significantly improved. 

Fig. 16 illustrates the nonlinear analysis results with respect to seismic performance and plastic hinge distribution at the 

performance point. Seismic performance is assessed by comparing the performance point with the life safety (LS) performance 

level, as defined in FEMA 356 [57]. At the LS level, structural and nonstructural components experience moderate damage and 

deformation. Lateral stiffness and the ability to resist additional lateral loads are reduced, and while collapse is unlikely, the structure 

may no longer be suitable for immediate occupancy. Repair may be possible but is often not economically practical. For the four-

story frame, frame A remained beyond the LS performance level, indicating limited seismic performance in its original 

configuration. The hinge distribution confirmed the likelihood of a soft-story mechanism in the second story. After strengthening, 

plastic hinges formed primarily in the beams and remained within yield-level rotations, well below the LS limit. No significant 

hinge formation occurred at the base of the structure. The results in terms of load-displacement response, seismic performance, and 

hinge distribution at the performance point confirm the effectiveness of the steel angle and strip strengthening system in improving 

seismic behavior. In the four-story configuration, frame B remained beyond the life safety (LS) performance level, indicating 

inadequate seismic performance under design-level earthquakes. The plastic hinge distribution suggests the possibility of a soft-

story mechanism in the fifth story, while hinge rotations in the fourth-story beams approached their ultimate limits. 

After strengthening, plastic hinges were primarily confined to the beams and remained within yield-level rotations, with 

considerable margin from the LS threshold. The load-displacement response, seismic performance, and plastic hinge distribution at 

the performance point and ultimate deformation confirm the effectiveness of the steel angle and strip strengthening system. 

Similarly, in the four-story configuration, frame C also remained beyond the LS performance level, reflecting limited seismic 

performance in its unstrengthened state. The damage pattern indicated potential soft-story behavior in the fifth and sixth stories, and 

column hinge rotations at the base of the structure approached their ultimate limits. Following strengthening, plastic hinges 

developed predominantly in the beams, with rotations remaining within the yield range and far from the LS limit. The results in 

terms of structural response, seismic performance, and hinge formation at the performance point validate the effectiveness of the 

strengthening strategy using the steel angle and strip system. 

It is noteworthy that the proposed model is developed within a nonlinear static (monotonic) framework; however, its formulation 

is based on sectional constitutive relationships that are inherently suitable for extension to cyclic and dynamic analyses. For 

application under cyclic loading, the model would require the incorporation of appropriate hysteretic rules to capture unloading-

reloading behavior, stiffness and strength degradation, and energy dissipation. Similarly, for dynamic analysis, the model can be 

implemented within a time-history framework by integrating the proposed nonlinear hinge properties into the structural model along 

with suitable damping definitions. These extensions are straightforward and consistent with the fiber-based formulation adopted in 

this study. 

6. Conclusions 

This study focused on evaluating the nonlinear behavior and seismic performance of reinforced concrete (RC) structures and 

their strengthening using a steel angle and strip system. Analytical procedures were developed to capture nonlinear mechanisms 

before and after strengthening, enabling a rigorous assessment of seismic response. A modeling framework was proposed to 

incorporate the effects of the strengthening system on seismic behavior. The strengthening strategy influences nonlinear response 

through longitudinal strain development in the steel angles, allowing them to resist tensile and compressive forces and contribute to 

load transfer. Possible buckling of steel angles in compression zones was also included in the nonlinear formulation to represent 

realistic structural behavior. Furthermore, the combined action of steel strips and angles provides confinement to the concrete core, 

and this confinement effect was considered in the moment-curvature analysis of strengthened members. Insufficient shear capacity 

in RC members can lead to brittle shear failure and increased seismic vulnerability. Diagonal shear cracking in columns may reduce 

axial load-carrying capacity, while large flexural deformations and diagonal tensile cracking can further diminish shear resistance. 

Nonlinear analysis that neglects shear mechanisms may produce unconservative predictions of strength and deformation capacity, 

highlighting the necessity of incorporating shear effects in performance-based assessment. For strengthened members, a shear model 

was developed that considers contributions from stirrups, concrete, steel angles, and strips to overall shear capacity. Four-, six-, and 

eight-story RC frames were designed and strengthened to evaluate seismic performance. The results demonstrated close agreement 

between analytical predictions and experimental data, confirming the capability of the proposed model to simulate flexural and shear 

behavior under different loading conditions. Strengthening with the steel angle and strip system significantly improved initial 

stiffness, load-carrying capacity, and ductility. Load-displacement results of strengthened frames showed that the strengthening 

system enhances initial stiffness and seismic resistance when properly designed. Additionally, plastic hinge formation was redirected 

from columns to beams, mitigating undesirable strong-beam-weak-column mechanisms and improving overall structural 

performance. Seismic performance evaluation indicated that strengthening can shift the performance point toward a more favorable 
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state and reduce damage potential at critical locations. The findings confirm that the steel angle and strip strengthening system is an 

effective strategy for improving nonlinear response and seismic performance of RC structures when appropriately designed and 

implemented. 
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