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During the occurrence of various earthquakes, the formation of 

local cracks in the connections of the steel frames is regarded as a 

main problem. Hence, scholars have paid a special attention to the 

application of steel frames with semi-rigid connections. So far, the 

frames with semi-rigid connections are rarely utilized, which is 

mainly due to their high drift rate. In the present article, the impact 

of semi-rigid connections on the dual-steel frames with various 

bracing systems was assessed using non-linear dynamic analysis. 

For accomplishing the analysis, the PERFORM 3D Software was 

used and the bilinear models were used for modelling the behavior 

of frames' members. The parameters investigated include 

maximum base shear, period, frames' drift and energy depreciation 

of dual systems. The obtained results indicated that the semi-rigid 

connections lead to decrease in the base shear, while the braces of 

dual system compensate the increase of drift resulted from 

utilization of semi-rigid connections. 
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1. Introduction 

For a structure to safely resist lateral loads, it must possess two essential characteristics: adequate 

stiffness and sufficient ductility. Among the various seismic-resisting systems, moment-resisting frames 

are widely used in earthquake-prone regions because they are relatively easy to construct and offer high 

ductility. One of the key components governing the behavior of such systems is the beam-to-column 

connection, which directly influences the overall stiffness and ductility of the structure.  In conventional 

analyses of steel frames, beam-to-column connections are typically idealized as either perfectly rigid or 

perfectly pinned. However, in reality, connection behavior lies between these two idealized limits, 

exhibiting partial rotational stiffness and nonlinear characteristics  [1]. Therefore, accounting for the semi-

rigid behavior of connections is essential for more realistic and economical structural analysis.  In Ref.[2], 

the investigation of steel moment-resisting frames damaged during the Northridge earthquake revealed 

that most failures were concentrated in the beam-to-column connection regions. One of the main causes 

of this damage was the high stress concentration at welded rigid connections and their limited ductility. 

Following these observations, the use of semi-rigid connections was proposed as an effective alternative. 

Pulse-type ground motions, which transfer large amounts of energy over short durations, often caused 

brittle fractures in rigid joints. Due to their limited flexibility, welded rigid connections can dissipate only 

a small portion of the input energy, whereas semi-rigid connections—with their inherent rotational 

flexibility—are capable of absorbing and redistributing energy more effectively throughout the structure. 

Consequently, frames with semi-rigid connections generally demonstrate improved seismic performance 

compared with those employing rigid connections  [3].  Semi-rigid connections can undergo controlled 

inelastic rotations, thereby reducing the moment transferred from beams to columns by limiting the 

connection moment capacity and enhancing their plastic rotation capacity. This behavior results in a more 

favorable redistribution of internal forces and reduces peak bending moments in beams compared with 

rigidly connected frames. However, semi-rigid frames typically exhibit larger interstory drifts due to their 

reduced stiffness, and they may experience a modest decrease in overall lateral resistance. From an 

economic perspective, semi-rigid connections also provide significant advantages due to simpler 

fabrication and satisfactory seismic behavior; previous studies have reported up to a 20% reduction in 

total construction costs when semi-rigid connections are used in moment frames. Nevertheless, the 

relatively large interstory drifts observed in tall semi-rigid frames remain a key limitation, and some 

researchers recommend combining rigid and semi-rigid connections to control drift while maintaining 

favorable energy dissipation characteristics  [4].  On the positive side, semi-rigid connections are easier 

and less costly to repair after an earthquake compared with welded rigid joints  [5].In addition, modern 

seismic design approaches often utilise dual structural systems, which combine a moment-resisting frame 

with bracing elements and may incorporate semi-rigid beam-to-column connections. The use of such 

systems offers several advantages, particularly in improving the overall lateral stiffness and reducing 

seismic demands on the moment-resisting frame. In a dual system, a significant portion of the lateral drift 

is controlled by the bracing members, which enhances the global stability and ductility of the structure. 

This characteristic makes dual frames superior to conventional moment-resisting frames, especially when 

semi-rigid connections are considered, as these connections provide a more economical and flexible 

alternative to fully rigid joints. According to structural design codes and standards, beam-to-column 

connections are generally classified into three categories based on their rotational stiffness: rigid 

connections with stiffness greater than 90% of a fully rigid joint, pinned (hinged) connections with 

stiffness less than 20%, and semi-rigid connections with stiffness ranging between 20% and 90% of a 

rigid connection. The application of semi-rigid connections in dual systems can therefore effectively 

balance strength, ductility, and cost-efficiency, making them a practical option for modern earthquake-

resistant steel structures.  Another important characteristic that governs the behavior and failure 

mechanism of a frame is the connection strength. In general, during an earthquake, by controlling the 

yield moment capacity of the connections in each frame, it can be ensured that yielding initiates in the 



H. Khosravi et al. Journal of Rehabilitation in Civil Engineering 14-3 (2026) 2442 

3 

connections before the main structural members, thereby helping the frame to maintain an overall elastic–

plastic response. This characteristic can therefore be considered as one of the key indicators for predicting 

the seismic behavior of a structure  [6]. Previous studies have also shown that a portion of the energy 

transmitted to the structure during strong ground motions is dissipated through damping effects and 

nonlinear hysteretic behavior. 

Ei=Ek+Eξ+Es+Eh (1) 

Equation (1) represents the energy balance of a structure, where Ei denotes the input energy from the 

earthquake, Ek is the kinetic energy, Eξ represents the viscous damping energy, Es is the elastic strain 

energy, and Eh denotes the hysteretic energy  [7]. As shown, the total input energy is dissipated through 

four mechanisms. In general, the kinetic and elastic strain components account for a relatively small 

portion of the total energy dissipation, whereas the majority is dissipated through damping and yielding 

mechanisms. The viscous damping energy (Eξ) is the portion of the input energy that not only contributes 

to structural damage reduction but also decreases the proportion of hysteretic energy, which is a desirable 

aspect in the energy balance. Hysteretic energy (Eh) is defined as the energy dissipated through the 

inelastic behavior of structural members after yielding. Because hysteretic energy is directly related to 

structural damage, it is considered the most critical component of the energy equation. 

The total input, absorbed, and dissipated energies collectively represent the structure’s overall response to 

seismic excitation, although they do not fully describe its detailed behavioral characteristics. Several 

studies have investigated the seismic performance of steel frames with rigid and semi-rigid connections as 

well as different bracing systems. For instance, [8]  analyzed the seismic behavior of rigid and semi-rigid 

steel moment-resisting frames under earthquake loading and showed that using semi-rigid connections—

while reducing the initial stiffness—can enhance energy dissipation and ductility. In evaluating seismic 

performance factors, [9]  examined a modular corner-supported bracing system and quantitatively 

determined the response modification factor and other seismic parameters. Moreover, [10]  developed 

improved criteria for the balanced design of X-braced moment-resisting frames, emphasizing the 

importance of optimal stiffness and ductility distribution within the structure. 

In the field of dual structural systems, [11]  investigated the seismic performance of dual frames 

incorporating buckling-restrained braces (BRBs) and semi-rigid connections, demonstrating that the 

combination of these two components can significantly enhance the seismic stability of the structure. 

Furthermore, in a more recent study, [12] examined the influence of the location of semi-rigid 

connections on the seismic performance of steel frame structures and found that the optimal placement of 

these connections can considerably affect the overall seismic response of the system. 

In Ref. [13], steel dual frames equipped with energy-dissipating braces featuring high post-yield stiffness 

were analyzed. The use of replaceable brace joints and the high energy dissipation capacity of the braces 

were identified as key advantages of such systems. The high post-yield stiffness of the joints, together 

with the substantial elastic deformation capacity of the moment-resisting frame, results in a significant 

reduction in story drifts. In Ref.[14], a novel drift-based approach for the seismic design of semi-rigid 

steel frames was proposed. This method assumes that plastic deformations are primarily concentrated in 

the semi-rigid connections, while beams and columns remain largely elastic.  Recent studies have focused 

on enhancing the seismic performance of steel moment-resisting frames through retrofitting techniques 

and advanced damping systems. For instance, Nouri et al. [15]  investigated the seismic retrofit of steel 

moment frames using arc and ring yielding dampers, providing a probabilistic loss assessment based on 

FEMA P-58. Their study highlights the effectiveness of these dampers in reducing potential damage and 

energy dissipation during seismic events.  In a subsequent study, Nouri et al. [16]  conducted a 

comprehensive seismic performance assessment of steel MRFs retrofitted with arc and ring dampers. This 

work evaluated key parameters such as inter-story drift, base shear, and energy dissipation, offering 

insights into the interaction between semi-rigid connections and damping devices under non-linear 
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dynamic analysis.  These recent contributions provide updated evidence on performance-based design 

strategies and inform the understanding of how retrofitting and damping techniques can optimize the 

seismic behavior of steel frames, complementing previous research on dual-steel frames with semi-rigid 

connections and various bracing systems. 

2. Methodology 

In the present study, the seismic performance of dual steel frames was investigated using nonlinear static 

(pushover) and nonlinear time-history dynamic analyses. The frames were braced with eccentric inverted 

V-braces, a combination of eccentric V- and inverted V-braces, a combination of concentric V- and 

inverted V-braces, and two-story X-braces. Each configuration was evaluated twice: once assuming rigid 

beam-to-column connections, and once considering semi-rigid connections.  All models were designed in 

the 3D environment of ETABS 2015, and the nonlinear static and dynamic analyses were performed on 

corresponding 2D frames using PERFORM-3D software  [17]. PERFORM-3D, developed by Computers 

and Structures, Inc. (CSI)  [18], provides specialized features for the seismic design and performance 

evaluation of structures.  Two models with 5 and 10 stories, each having three bays, were analyzed, with 

the middle bay braced. The story height was 3.2 m and the bay length was 5.0 m. The link beam length 

was 1.0 m. The dead, live, and partition loads were 450 kg/m², 200 kg/m², and 100 kg/m², respectively. 

The roof dead and roof live loads were 450 kg/m² and 150 kg/m². The wall and parapet loads were 600 

kg/m and 300 kg/m, respectively.  A Peak Ground Acceleration (PGA) of 0.35 g was assumed for the 

design earthquake, and the site was classified as Soil Type 2 with 5% damping. The effects of P–Δ were 

also considered. Three recorded accelerograms—Northridge (PGA = 0.185 g), Chi-Chi06 (PGA = 0.0259 

g), and Chi-Chi03 (PGA = 0.0593 g)—were employed for the time-history analyses, with a time step of 

0.005 s.  For the semi-rigid connections, the resisting moment capacity was assumed to be 50% of the 

beam’s plastic section modulus, and the rotational stiffness of the connections was determined using 

Equation (2). 

Kθ= 
MCE

θy
 (2) 

MCE= Z.Fye (3) 

In equations (1) and (2), MCE denotes the expected resisting moment of the connections, Z refers to the 

plastic section modulus, and Fye represents the expected yield strength, which is equal to 1.1Fy. To model 

the behavior of semi-rigid connections, the moment–rotation relationship provided by FEMA 356 [19]  

was used, assuming the yielding rotation (θy) to be 0.003 radians. Various section profiles were employed 

in the modeling, including IPE sections for beams, HE (IPB) sections for columns, and UNP sections for 

braces. The steel material was assumed to be St37. The beam layout of all models is shown in Figure 1, 

while the frame located on axis 1 was selected for nonlinear analysis, and its elevation view is illustrated 

in Figure 2. In this figure, the abbreviations used for different dual frame configurations are defined as 

follows: 8EBF represents a dual frame with eccentric inverted V-braces; 7–8EBF denotes a dual frame 

with eccentric two-story X-braces (V or inverted-V braces); X corresponds to a dual frame with X-braces; 

8CBF refers to a dual frame with concentric inverted V-braces; 7–8CBF indicates a dual frame with 

concentric two-story X-braces (V or inverted-V braces); and 7–8CBF-10St represents a 10-story dual 

frame with concentric two-story X-braces. 

The yielding rotation of θy = 0.003 rad for the semi-rigid connections was adopted following FEMA 356 

recommendations and previous experimental studies. This value represents realistic semi-rigid behavior, 

and the results are moderately sensitive to its variations: a lower θy leads to faster yielding and a softer 

frame, while a higher θy produces stiffer behavior closer to rigid connections. It should also be noted that 

while semi-rigid connections reduce local damage in beams and columns by allowing some rotation and 
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energy dissipation, they simultaneously decrease the overall frame stiffness and lateral resistance. This 

highlights a trade-off between local damage mitigation and global structural performance, which becomes 

particularly significant in taller frames. 

In eccentric braced frames, link beams are designed to act as energy-dissipating ‘fuse’ elements. They 

plastically deform under seismic events, while the rest of the frame remains largely elastic, allowing for 

easy replacement after a major earthquake. 

 
Fig. 1. Positining of beams, column and braces. 

 
Fig. 2. View of the frame models in different configurations: (a) Dual frame with eccentric inverted V-brace (8-

story EBF) (b) Dual frame with eccentric two-story X-brace (V or inverted-V brace) (7–8-story EBF) (c) Dual 

frame with two-story X-brace (d) Dual frame with concentric inverted V-brace (8-story CBF) (e) Dual frame with 

concentric two-story X-brace (V or inverted-V brace) (7–8-story CBF) (f) Dual frame with 10-story concentric 

two-story X-brace (7–8-story CBF–10St). 
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The frames are designed with regard to the AISC360-10 code and the results are presented in table (1). 

Table 1. Designed sections for frames. 

Stories 
Columns 1-B 

and 1-C 

Columns 1-D 

and1-A 
Beam 1-BC 

Beams 1-CD 

and 1-AB 
Braces  

1 HE320B HE240B IPE400 IPE300 2UNP180 Dual frame 

with 

eccentric 

inverted V-

brace 

2 HE260B HE240B IPE400 IPE300 2UNP180 

3 HE260B HE240B IPE360 IPE300 2UNP160 

4 HE240B HE220B IPE270 IPE270 2UNP160 

5 HE240B HE220B IPE240 IPE240 2UNP120 

 

1 HE360B HE200B IPE450 IPE300 2UNP140 Dual frame 

with 

eccentric 

two-story X-

brace (V or 

inverted-V 

brace) 

2 HE360B HE200B IPE300 IPE300 2UNP140 

3 HE200B HE180B IPE400 IPE300 2UNP140 

4 HE200B HE180B IPE300 IPE300 2UNP120 

5 HE180B HE180B IPE270 IPE240 2UNP100 

 

1 HE360B HE180B IPE300 IPE300 2UNP140 

Dual frame 

with X-brace 

2 HE280B HE180B IPE300 IPE300 2UNP140 

3 HE220B HE180B IPE300 IPE300 2UNP120 

4 HE180B HE180B IPE300 IPE300 2UNP120 

5 HE180B HE180B IPE270 IPE270 2UNP100 

 

1 HE340B HE180B IPE500 IPE270 2UNP140 Dual frame 

with 

concentric 

inverted V-

brace 

2 HE260B HE180B IPE500 IPE270 2UNP140 

3 HE200B HE180B IPE450 IPE270 2UNP120 

4 HE160B HE180B IPE450 IPE270 2UNP120 

5 HE140B HE180B IPE400 IPE240 2UNP100 

 

1 HE340B HE200B IPE300 IPE300 2UNP160 Dual frame 

with 

concentric 

two-story X-

brace (V or 

inverted-V 

brace) 

2 HE320B HE200B IPE300 IPE300 2UNP140 

3 HE220B HE160B IPE300 IPE300 2UNP140 

4 HE180B HE160B IPE300 IPE300 2UNP120 

5 HE140B HE160B IPE400 IPE240 2UNP100 

 

1 HE800B HE280B IPE300 IPE300 2UNP160 

Dual frame 

with 10-story 

concentric 

two-story X-

brace 

2 HE800B HE280B IPE300 IPE300 2UNP160 

3 HE500B HE240B IPE300 IPE300 2UNP160 

4 HE450B HE240B IPE300 IPE300 2UNP140 

5 HE320B HE220B IPE400 IPE240 2UNP140 

6 HE320B HE220B IPE300 IPE300 2UNP120 

7 HE220B HE200B IPE300 IPE300 2UNP120 

8 HE220B HE200B IPE300 IPE300 2UNP120 

9 HE180B HE160B IPE300 IPE300 2UNP100 

10 HE140B HE160B IPE270 IPE240 2UNP100 

 

3. Validation of numerical modelling 

To ensure the accuracy of the numerical modelling and analysis of the frames, the results presented in 

Ref. [18] were used for verification. In that study, dual steel frames with rigid and semi-rigid connections 

were evaluated using nonlinear static (pushover) analysis. A comparison between the pushover curve of 

the dual frame with eccentric inverted V-braces using rigid connections (Rigid-8EBF) obtained in this 

study and that presented in Ref. [20]  (see Figure 3) confirmed the accuracy of the modelling and analysis 
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procedure. For a more detailed verification, the yielding lateral resistance, ultimate lateral resistance, and 

stiffness of the initial linear region were compared, and the corresponding values and their percentage 

differences are summarized in Table 2. 

 
Fig. 3. Comparison of pushover curve (Rigid-8ebf) with reference samples [10]. 

Table 2. Comparison between reference samples [10] and accomplished samples. 

Initial stiffness (slope of the linear region) kN/m Ultimate strength kN Yielding strength kN Validation 

18069.8 1107 777 Reference sample 

17136.65 1130.62 815 Accomplished samples 

5.16 2.13 4.89 Difference percentage 

 

4. Validation of dynamic characteristics (natural period analysis) 

4.1. Comparison of structural periods 

The following results were obtained from the comparison of the natural periods obtained for the modeled 

specimens (Tables 3 and 4): 

1. The difference between the structural periods corresponding to the first two vibration modes is 

significantly greater than that of the higher modes. Specifically, the period of the first mode is 

approximately 2.5 times greater than that of the second mode. This notable difference indicates 

that the first two modes have a considerable influence on the overall dynamic behavior of the 

structure. 

2. When the beam-to-column connections are modeled as semi-rigid, the structural period increases 

slightly, reflecting the reduction in the overall stiffness of the system. In other words, a decrease in 

connection stiffness leads to a marginal increase in the fundamental period. 

3. The fundamental period of the structure increases with increasing building height, as expected due 

to the greater overall flexibility of taller frames. 

Table 3. Period for 5-story frames. 

Model description 
 

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Eccentric inverted V-brace (Rigid) 0.5133 0.2040 0.1237 0.09089 0.06786 

Eccentric inverted V-brace (Semi-rigid) 0.5285 0.2095 0.1269 0.09259 0.06829 

Concentric inverted V-brace (Rigid) 0.4141 0.1489 0.08888 0.06692 0.05554 

Concentric inverted V-brace (Semi-rigid) 0.4187 0.1508 0.08950 0.06716 0.05571 

X-brace (Rigid) 0.4140 0.1367 0.07876 0.05844 0.04916 

X-brace (Semi-rigid) 0.4188 0.1378 0.07914 0.05859 0.04924 

Concentric two-story X-brace (Rigid) 0.4262 0.1493 0.08418 0.06541 0.05268 

Concentric two-story X-brace (Semi-rigid) 0.4310 0.1503 0.08446 0.06554 0.05284 

Eccentric two-story X-brace (Rigid) 0.5776 0.2094 0.1286 0.07794 0.06055 

Eccentric two-story X-brace (Semi-rigid) 0.5898 0.2133 0.1300 0.07832 0.06084 
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Table 4. Period for 10-story frames. 

mode period(sec) mode 1 mode 2 mode 3 mode 4 mode 5 mode 6 mode 7 mode 8 mode 9 mode 10 

7,8CBF-10st-RIGID 0.9464 0.2968 0.1604 0.1098 0.08823 0.0732 0.06325 0.05631 0.04757 0.0359 

7,8CBF-10st-SEMI 0.9738 0.3014 0.1621 0.1108 0.08886 0.07363 0.06353 0.05657 0.04776 0.03601 

 

4.2. Comparison of the interstory drift ratios 

According to the comparison of the maximum interstory drift ratio diagrams for the studied frames 

(Figure 4), it is evident that replacing the rigid connections in the dual system with eccentric inverted V-

braces by semi-rigid connections reduces the drift in the lower stories but slightly increases it in the upper 

stories.  In the dual system with eccentric two-story X-braces (V or inverted-V braces), the use of semi-

rigid connections leads to an overall increase in the interstory drift of all floors.  Eccentric bracing systems 

generally allow larger lateral drifts due to their lower stiffness and the early plastification of the link 

beams, which makes the drift of dual systems with eccentric braces greater than that of those with 

concentric braces.  For the 5-story dual systems with concentric braces, replacing rigid with semi-rigid 

connections causes a small increase in drift, mainly due to the higher rotation capacity of semi-rigid 

joints. However, this increase is not significant because the brace stiffness dominates over the frame 

stiffness. In the 10-story dual system with concentric two-story X-braces, replacing rigid connections with 

semi-rigid ones reduces the drift of all stories except for the sixth story. This behavior results from a more 

uniform distribution of internal forces and a better interaction between members in the semi-rigid 

condition.  According to FEMA 356, the allowable interstory drift ratio for moment-resisting frames 

corresponding to Immediate Occupancy (IO) and Life Safety (LS) performance levels are 0.7% and 2.5%, 

respectively.  It was observed that the interstory drift ratios of all analyzed frames remained within the 

Life Safety range. 

 
Fig. 4. Comparison of the maximum interstory drift ratios of the floors in the following frames: (a) Dual frame with 

eccentric inverted V-brace (b) Dual frame with eccentric two-story X-brace (V or inverted-V brace) (c) Dual frame 

with two-story X-brace (d) Dual frame with concentric inverted V-brace (e) Dual frame with concentric two-story 

X-brace (V or inverted-V brace) (f) Dual frame with 10-story concentric two-story X-brace. 
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4.3. Base shear comparison 

During an earthquake, lateral forces are transferred through the structure as shear forces, with the 

maximum shear typically occurring at the base story. These forces are resisted primarily by the seismic 

load-resisting systems, including the braced frames and the moment-resisting frames. Therefore, 

evaluating the base shear at the first-story columns is essential to assess the seismic performance of the 

system. 

The results for the maximum base shear of the studied frames are presented in Figure 5. As shown, dual 

frames with concentric braces exhibit higher base shear values compared to those with eccentric braces, 

indicating that greater frame stiffness results in higher shear demand. The replacement of rigid 

connections with semi-rigid ones leads to a reduction in base shear in all cases. This occurs because the 

semi-rigid behavior of connections decreases the overall stiffness and allows more energy to be dissipated 

through the nonlinear deformation of members, thereby distributing energy dissipation throughout the 

structure and reducing shear concentration. 

 
Fig. 5. Maximum base shear in the rigid and semi-rigid samples. 

4.4. Energy dissipation by structural members 

For this purpose, a detailed categorization of elements at each floor was performed in the PERFORM-3D 

software, and the corresponding results of the energy dissipated by the structure were obtained after 

analyzing the frames under gravity and earthquake loading.  The results indicated that in dual systems 

with eccentric braces, the majority of the energy dissipation occurs in the link beams, whereas in dual 

systems with concentric braces, most of the energy is dissipated by the braces themselves.  Replacing rigid 

connections with semi-rigid ones increases the total amount of energy dissipated by both braces and link 

beams.  Figure 6 presents the amount of hysteretic energy dissipated in each story of the analyzed frames. 

A comparison of these diagrams shows that the maximum energy dissipation due to earthquake excitation 

occurs mainly in the first and second stories, and the replacement of rigid connections with semi-rigid 

ones has no significant influence on the total hysteretic energy of the structure.  In the two-story eccentric 

braced frame (two-story EBF), where no link beam exists in the second and fourth stories, the energy 

dissipation is nearly zero. In contrast, in the first and third stories—where link beams connect the braces 

of the upper and lower stories—the amount of energy dissipated is approximately three times greater than  

that in the single-story EBF system.  In the 10-story dual frame, the highest hysteretic energy dissipation 

occurs in the middle stories (third to seventh stories). The replacement of rigid connections with semi-

rigid ones results in a reduction in hysteretic energy in all stories except the fifth and sixth, due to 

improved force redistribution.  As observed in Figure 6, unlike the two-story EBF system where energy 

dissipation is concentrated only in two floors, the other frames exhibit a more distributed energy 

dissipation pattern among the stories.  Since hysteretic energy dissipation is directly related to structural 

damage, it can be concluded that the single-story EBF system shows better seismic performance and 

lower damage compared with the two-story EBF system.  In the 5-story concentric dual frames, the 

amount of energy dissipation—and consequently, the structural  damage—is greater in the lower stories 

than in the upper ones. Moreover, in the 10-story concentric two-story X-braced frame, the middle stories 

exhibit significantly higher vulnerability compared with the top and bottom stories. 
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Fig. 6. Dissipated energy of each story in the following frames: (a) Dual frame with eccentric inverted V-brace (b) 

Dual frame with eccentric two-story X-brace (V or inverted-V brace) (c) Dual frame with two-story X-brace (d) 

Dual frame with concentric inverted V-brace (e) Dual frame with concentric two-story X-brace (V or inverted-V 

brace) (f) Dual frame with 10-story concentric two-story X-brace. 

To quantify the story-wise distribution of hysteretic energy in the analyzed frames, the results obtained 

from PERFORM-3D were tabulated. Table 5 presents the story-wise hysteretic energy (Eh) for each 

frame, showing the comparison between rigid and semi-rigid connections. This tabular representation 

allows a clear view of how energy dissipation varies across stories and connection types, complementing 

the observations previously illustrated in Figure 6. 

Table 5. Story-wise Hysteretic Energy (Eh) of Analyzed Frames with Rigid and Semi-rigid Connections (Mgf·m). 

Frame Type (Fig. 6) Connection Story Eh (Mgf·m) 

(a) Dual frame with eccentric inverted V-brace Rigid 1 12 

(a) Dual frame with eccentric inverted V-brace Rigid 2 13 

(a) Dual frame with eccentric inverted V-brace Rigid 3 8 

(a) Dual frame with eccentric inverted V-brace Rigid 4 9 

(a) Dual frame with eccentric inverted V-brace Rigid 5 0 

(a) Dual frame with eccentric inverted V-brace Semi-rigid 1 11 

(a) Dual frame with eccentric inverted V-brace Semi-rigid 2 14 

(a) Dual frame with eccentric inverted V-brace Semi-rigid 3 9 

(a) Dual frame with eccentric inverted V-brace Semi-rigid 4 11 

(a) Dual frame with eccentric inverted V-brace Semi-rigid 5 0 

(b) Dual frame with eccentric two-story X-brace Rigid 1 37 

(b) Dual frame with eccentric two-story X-brace Rigid 2 1 

(b) Dual frame with eccentric two-story X-brace Rigid 3 21 

(b) Dual frame with eccentric two-story X-brace Rigid 4 0 

(b) Dual frame with eccentric two-story X-brace Rigid 5 0 

(b) Dual frame with eccentric two-story X-brace Semi-rigid 1 38 

(b) Dual frame with eccentric two-story X-brace Semi-rigid 2 1 

(b) Dual frame with eccentric two-story X-brace Semi-rigid 3 21 

(b) Dual frame with eccentric two-story X-brace Semi-rigid 4 0 

(b) Dual frame with eccentric two-story X-brace Semi-rigid 5 0 

(c) Dual frame with two-story X-brace Rigid 1 22 
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(c) Dual frame with two-story X-brace Rigid 2 6 

(c) Dual frame with two-story X-brace Rigid 3 2 

(c) Dual frame with two-story X-brace Rigid 4 1 

(c) Dual frame with two-story X-brace Rigid 5 0 

(c) Dual frame with two-story X-brace Semi-rigid 1 21 

(c) Dual frame with two-story X-brace Semi-rigid 2 7 

(c) Dual frame with two-story X-brace Semi-rigid 3 2 

(c) Dual frame with two-story X-brace Semi-rigid 4 1 

(c) Dual frame with two-story X-brace Semi-rigid 5 0 

(d) Dual frame with concentric inverted V-brace Rigid 1 15 

(d) Dual frame with concentric inverted V-brace Rigid 2 9 

(d) Dual frame with concentric inverted V-brace Rigid 3 16 

(d) Dual frame with concentric inverted V-brace Rigid 4 0 

(d) Dual frame with concentric inverted V-brace Rigid 5 0 

(d) Dual frame with concentric inverted V-brace Semi-rigid 1 15 

(d) Dual frame with concentric inverted V-brace Semi-rigid 2 13 

(d) Dual frame with concentric inverted V-brace Semi-rigid 3 17 

(d) Dual frame with concentric inverted V-brace Semi-rigid 4 0 

(d) Dual frame with concentric inverted V-brace Semi-rigid 5 0 

(e) Dual frame with concentric two-story X-brace Rigid 1 15 

(e) Dual frame with concentric two-story X-brace Rigid 2 18 

(e) Dual frame with concentric two-story X-brace Rigid 3 3 

(e) Dual frame with concentric two-story X-brace Rigid 4 1 

(e) Dual frame with concentric two-story X-brace Rigid 5 0 

(e) Dual frame with concentric two-story X-brace Semi-rigid 1 14 

(e) Dual frame with concentric two-story X-brace Semi-rigid 2 22 

(e) Dual frame with concentric two-story X-brace Semi-rigid 3 3 

(e) Dual frame with concentric two-story X-brace Semi-rigid 4 1 

(e) Dual frame with concentric two-story X-brace Semi-rigid 5 0 

(f) Dual frame with 10-story concentric two-story X-brace Rigid 1 12 

(f) Dual frame with 10-story concentric two-story X-brace Rigid 2 10 

(f) Dual frame with 10-story concentric two-story X-brace Rigid 3 26 

(f) Dual frame with 10-story concentric two-story X-brace Rigid 4 30 

(f) Dual frame with 10-story concentric two-story X-brace Rigid 5 31 

(f) Dual frame with 10-story concentric two-story X-brace Rigid 6 22 

(f) Dual frame with 10-story concentric two-story X-brace Rigid 7 16 

(f) Dual frame with 10-story concentric two-story X-brace Rigid 8 2 

(f) Dual frame with 10-story concentric two-story X-brace Rigid 9 1 

(f) Dual frame with 10-story concentric two-story X-brace Rigid 10 0 

(f) Dual frame with 10-story concentric two-story X-brace Semi-rigid 1 11 

(f) Dual frame with 10-story concentric two-story X-brace Semi-rigid 2 9 

(f) Dual frame with 10-story concentric two-story X-brace Semi-rigid 3 25 

(f) Dual frame with 10-story concentric two-story X-brace Semi-rigid 4 29 

(f) Dual frame with 10-story concentric two-story X-brace Semi-rigid 5 36 

(f) Dual frame with 10-story concentric two-story X-brace Semi-rigid 6 26 

(f) Dual frame with 10-story concentric two-story X-brace Semi-rigid 7 8 

(f) Dual frame with 10-story concentric two-story X-brace Semi-rigid 8 2 

(f) Dual frame with 10-story concentric two-story X-brace Semi-rigid 9 1 

(f) Dual frame with 10-story concentric two-story X-brace Semi-rigid 10 0 

 

The tabulated results confirm the observations previously illustrated in Figure 6. In dual frames with 

eccentric braces, energy dissipation is concentrated primarily in the link beams, whereas in concentric-

braced frames, the braces themselves dissipate most of the energy. Replacing rigid connections with semi-

rigid ones generally increases the dissipated energy in both braces and link beams, although the effect 

varies across stories. For example, in the two-story eccentric-braced frames, energy dissipation is nearly 

zero in stories without link beams, while it peaks in stories where link beams connect the braces. In taller 

frames, such as the 10-story concentric dual frame, the middle stories exhibit the highest hysteretic 

energy, reflecting higher vulnerability and potential damage in these regions. Overall, Table 5 provides a 

clear quantitative view of story-wise energy dissipation for both rigid and semi-rigid connections, 

facilitating a more detailed comparison among the analyzed frames. 
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4.5. Damage localization 

Figure 7 illustrates the deformed shapes of the analyzed frames under earthquake loading. In this figure, 

members shown in red indicate elements that have reached the collapse mechanism. It can be observed 

that in the eccentric braced systems, damage is mainly concentrated in the link beams, whereas in the 

concentric braced systems, the braces are the primary locations of yielding.  Replacing rigid connections 

with semi-rigid ones in eccentric frames not only affects the link beams but also increases the 

participation of floor beams in energy dissipation. This indicates that the eccentric system with rigid 

connections demonstrates better overall performance and damage concentration.  In the five-story 

concentric frames, only the braces have yielded, and the use of semi-rigid connections causes a slight 

reduction in strength and stiffness, which can be compensated by reinforcing a limited number of 

members. However, in the ten-story frame with rigid connections, both braces and a considerable number 

of beams and columns have yielded. When semi-rigid connections are used in the ten-story frame, column 

yielding is prevented, although the overall stiffness and strength of the frame are significantly reduced. 

This suggests that the ten-story frame with semi-rigid connections exhibits a weaker seismic performance. 
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Fig. 7. Location of damages after the earthquake in the following frames: (a1) and (a2): Dual frame with eccentric 

inverted V-brace (b1) and (b2): Dual frame with eccentric two-story X-brace (V or inverted-V brace) (c1) and (c2): 

Dual frame with two-story X-brace (d1) and (d2): Dual frame with concentric inverted V-brace (e1) and (e2): Dual 

frame with concentric two-story X-brace (V or inverted-V brace) (f1) and (f2): Dual frame with 10-story concentric 

two-story X-brace. 

5. Conclusions 

The use of semi-rigid connections and the increase in structural height both lead to a longer fundamental 

period. The influence of building height on the period is more significant than that of the connection 

rigidity. An increase in the fundamental period makes the structure more flexible under seismic 

excitations, which in turn reduces the seismic forces acting on it. 

The adoption of semi-rigid connections slightly decreases the base shear of the structure and the braces, 

particularly in dual systems where the presence of braces governs the overall stiffness. The rigidity of 

beam-to-column connections has little effect on the maximum shear force in the braces, but it does 

influence the maximum shear force in the columns. Furthermore, due to the high stiffness of the braces, 

the use of semi-rigid connections does not significantly affect the total hysteretic energy dissipated by the 

structure. 

A comparison of story drifts indicates that in the semi-rigid models, structural displacements increase due 

to higher connection rotations. However, in dual systems, a large portion of the lateral drift is controlled 

by the braces, which is an advantage compared to pure moment-resisting frames, especially under semi-

rigid connection conditions. 

Overall, the use of semi-rigid connections in taller dual-frame structures can be effective, provided that 

lateral drift is properly controlled and the required strength is ensured. 

In tall semi-rigid dual frames, eccentric or combined eccentric-inverted V bracing effectively controls 

lateral drift while protecting the moment-resisting frame, highlighting key design considerations such as 

link beam ductility, brace layout, and connection rotational capacity. 
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