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 Semi-rigid connections in steel structures represent an essential design element that bridges 
the gap between fully rigid and simple pinned connections, significantly influencing the 
structural performance of steel frames. This paper presents a comprehensive analysis of the 
behavior, classification, and design considerations of semi-rigid connections, addressing 
their mechanical properties, historical development, and practical applications. The study 
explores moment-rotation relationships, load transfer mechanisms, and the effects of 
connection stiffness on structural stability. Additionally, analytical and numerical models 
for semi-rigid connections are reviewed, highlighting advancements in finite element 
modeling and component-based approaches. Experimental validation, including moment-
rotation testing and structural response assessments, is discussed to reinforce theoretical 
findings. Case studies demonstrate the successful implementation of semi-rigid connections 
in industrial buildings, bridges, and large infrastructure projects, showcasing their 
advantages in terms of flexibility, energy dissipation, and seismic resilience. The paper also 
examines future trends in semi-rigid connection design, emphasizing the role of advanced 
materials, computational modeling, and innovative construction techniques. By integrating 
theoretical insights with practical applications, this research provides a foundational 
framework for engineers and researchers seeking to optimize the design and performance 
of semi-rigid connections in modern steel structures. 

 

1. Introduction to Semi-Rigid Connections 

Semi-rigid connections adapt themselves in a remarkably unique manner, both in their behavior and properties, as well as in the overall 
performance of the connected structural members. This adaptation occurs in such a way that both of the members linked through these semi-
rigid connections exhibit a relatively similar yield and plastic hinge moment capacity, creating a balanced interaction between them. Within 
this specific context, it is highly feasible and often quite advantageous to utilize an equivalent elastic (rotational) stiffness factor. This factor 
serves as an essential measure of the flexibility inherent to this particular type of connection, providing deeper insight into its performance 
characteristics. For the purposes of classification, it becomes imperative to base the categorization process on several criteria, primarily focusing 
on flexibility, moment capacity, or the actual rotational stiffness of the connection, specifically at the critical beam-to-column interface. 
However, it is crucial to recognize that relying solely on one of these mentioned values for classification purposes may not adequately reflect 
the significant diversities and variations of connections that are commonly deployed across various practical applications within the realms 
of engineering and construction. This phenomenon can be indirectly observed and appreciated when examining the different clauses found in 
various engineering standards, which approach the overarching theme of semi-rigid connections in widely varying manners. This stark 
difference in approaches thus highlights the need for a more comprehensive and thorough view into the classification and applications of these 
connections. The simplest possible approach for classification, which is primarily based on the actual rotational stiffness of the given 
connection, defines it as a rigid connection if its calculated rotational stiffness is at the very least equal to 0.8 times its nominal rotational 
stiffness.  

Throughout history, structural systems have typically been conceived as standard elements in which beams are connected to columns, 
traditionally employing the use of pins. Initiating from that baseline, the progression of history has been punctuated by the significant 
emergence of full penetration type bolted connections. During this transformative period, the concepts of rigid, flexible, and semi-rigid joints, 
all in accordance with the principles of plastic limit design, have undergone a significant amount of development and refinement. The industrial 
revolution heralded a groundbreaking chapter in the evolution of connections, as well as iron architectural structures as a whole. The 
subsequent step in this ongoing evolution encompassed the creation of advanced steel connections and bolted connections among structural 
members. This evolution was facilitated by the newly developed structural high-strength bolts that revolutionized the field. Beyond the fact 
that the realization of these connections was accomplished rapidly and efficiently, making them easily transportable to the construction site 
and enabling hand-assembly, the primary advantage lay in the absence of heated conditions during the execution of connection realization. 
These heated conditions had the potential to compromise the steel's inherent mechanical properties, thus necessitating careful consideration 
in connection design. Additionally, the production of threaded holes on plates and shapes was notably swift, efficient, and cost-effective. This 
rapid and economical fabrication enabled this connection method to transform into the dominant construction technology of its time. For 
nearly an entire century, all connections were consistently regarded as pinned connections, with this technology being honed to perfection 
over this substantial time frame. During this extended period, various advantages associated with rigid connections began to emerge, coupled 
with the inherent disadvantages found within simple pin connections. Notably, it took nearly 100 years—specifically until around 1930—for the 
innovative concept of effectively connecting a flange plate to a narrow flange beam to finally materialize, a significant development in the 
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evolution of structural connections. Almost concurrently, the hot-rolled beam with a widened flange was also developed, marking a pivotal 
moment in connection design. However, as advancements in steel processing and welding procedures continued to progress, these fundamental 
ideas did not reach widespread realization within the industry for a staggeringly lengthy span of 50 years, culminating in the first creation of 
a welded wide flange beam (WWF) in 1961. Nevertheless, the actualization of true and genuine welded connections between the beam and 
column through the implementation of continuous full penetration trusted end plate or fin plate connections led to a new era characterized by 
the realization of welded rigid frames.  

The enhanced rigidity provided by beam-to-column flange connections facilitates the full continuity of bending moments and ensures complete 
shear transfer between connected members. In essence, the realization of welded rigid connections has dramatically reduced the imperfections 
previously associated with the performance of statically indeterminate three-dimensional structures that are governed by axial forces or 
rotations, effectively transforming them into statically determinate two-dimensional frames. Moreover, there exist significant analogies—
particularly with the behavior and performance of pinned connections—within the behavior of such two-dimensional frame structures, paving 
the way for code proposals aimed at analyzing pin structures or specific elements. At a crucial time when computers were not yet extensively 
employed in structural engineering, this advancement allowed for more accurate predictions of construction behavior and established essential 
design rules that hold value and relevance to this day. The establishment of true welded rigid connections represented merely the first step in 
an ongoing evolutionary process, which subsequently prompted a myriad of experimental developments surrounding CBFEM numerical models 
that were specifically tailored for idealized components within the broader scope of structural engineering (Nazari, 2013). 

1.1. Definition and classification of semi-rigid connections 

There have been many varied definitions of semi-rigid connections, each informed by a variety of specific characteristics, nuances, and 
engineering contexts. Some of the different definitions of what constitutes a semi-rigid connection include the following: a joint F that changes 
its state depending on the yield of the adjacent measuring section H or when the slip in the joint F exceeds a predetermined value, a joint F 
characterized by an initial elastic stiffness that is notably greater than that associated with a pin joint. This stiffness, however, tends to reduce 
as the bending moment within the joint increases beyond a certain proportion of the initial plastic moment. Additionally, a joint F demonstrably 
has a resistance to rotation that is lower than what would be found in a rigid joint, yet is still greater than that of a joint that is nominally 
pinned. In a broader context, any definition that encompasses these characteristics would thus prove adequate and effective, given that they 
form the foundation upon which semi-rigid connections have come to be recognized and understood.  

Furthermore, semi-rigid connections can be categorized as Type B if they feature a nominally pinned connection located in either the beam or 
the column, but not in both instances, and therefore, these designs are expected to accommodate at least two degrees of rotational freedom. 
The intended outcome in the design of Type B connections is clear: these frameworks will not benefit from the inherent stabilizing qualities of 
triangular action. Therefore, especially along the height of the frame, they will end up yielding and functioning as part of a complex mix 
involving sway, sidesway, and/or staying mechanisms. A deeper classification of these connections can be made when considering their 
rotational capacity and bending stiffness. This classification is determined by assessing the rotational stiffness along with the range of available 
rotation in the connections, denoted as D. In this context, D is defined as the difference between the moments that can be applied to the joint 
in its final arrangement, particularly under serviceability limit state conditions. The bending stiffness of the section, denoted as Kb, is expressed 
in units of N/mm² in regard to the beam web. Within the domain of structural analysis and design practices, it is conventional to presume that 
a connection within a steel framing system may either be deemed rigid or pin-ended, or may fall under the category of semi-rigid. In linchpin 
discussions of current principles, there is a clear attempt to incorporate a method that regards semi-rigidity as a vital boundary condition of 
the structure itself. The proposed accuracy evaluation criteria for assessing semi-rigidity models between connected members have been 
announced, alongside practical application examples to elucidate their relevance. In the realm of steel structure design and analysis, it is 
common practice to regard the joint as being either pinned or rigid. A comparison of different connection types is presented in Table 1. 

Table 1. Different connection types in structural engineering 

Connection Type Definition Characteristics 

Pinned Connection 
A connection that allows 
free rotation between the 
beam and column. 

-Rotation is free. 
-Transfers shear forces but not moments. 
-Usually bolted or pinned connections. 

Rigid Connection 

A connection that transfers 
both shear forces and 
moments, preventing 
rotation. 

-No rotational freedom. 
-Transfers both shear and moment forces. 
-Typically welded or high-strength bolted connections. 

Semi-Rigid 
Connection 

A connection with partial 
moment resistance, between 
pinned and rigid 
connections. 

-Has partial moment resistance. 
-Improves structural stiffness and stability. 
-Considered in structural analysis for more realistic results. 

Type B Connection 

A connection where either 
the beam or the column has 
a nominally pinned 
connection, but not both. 

-Allows at least two degrees of rotational freedom. 
-Does not provide triangular stabilization effects. 
-Affects the lateral displacement behavior of the structure. 

 

In contrast, to better capture the real-world behavior of joints, the semi-rigid characterization of the joints can be deployed. The primary 
objective of this extensive study was to propose a coherent semi-rigid joint characterization procedure tailored for structural analysis, one that 
is capable of accurately predicting the joint moment-rotation characteristics ideally suited for comprehensive space frame models. When the 
outcomes from the study were juxtaposed with experimental data related to simple clip angle-joint-CHS configurations, the findings highlighted 
a vastly promising prospect for practical application. The analysis of the interaction between the imposed configurations for joints, the available 
structural components for connections, as well as joint moment-rotation properties and performance in the context of sway stability, 
underscored the critical nature of the joint characterization procedure in determining overall joint performance metrics. Notably, an empirical 
I-staircase test brought to light that, contrary to prevalent design methodologies, continuity might actually serve to enhance finite element (FE) 
stability dynamics. Subsequently investigating the FE stability related to connection beams revealed that connections utilizing semi-rigid joints 
demonstrated performance that surpassed both fully rigid constructs and simple connections in effective load management. Figure 1 shows 
the different types of beam-to-column connection.   
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Figure 1. Different connection types 

A thorough review of industry trends and a preliminary numerical study regarding the sensitivity of construction practices to semi-rigidity 
indicate that enhanced semi-rigid connections assist in dissipating energy produced by heat-elongated columns during significant fire events. 
This finding further emphasizes the importance of deepening our understanding of semi-rigid joint responses under fire exposure, as well as 
the crucial need to integrate joint characteristics within the modeling phase during heating scenarios in fire engineering analyses. Moreover, 
all connections utilized in existing construction joint details can typically expectedly fall into either the nominally pinned or nominally rigid 
categories upon completion of the structural assembly, particularly when assessed relative to frame rigidity. This distinction plays a substantial 
role concerning full beam-column rigid connections, which can play a prominent role in conveying somewhere between approximately 10% 
and 60% of tension forces back through the framework. The groundwork has been laid for evaluating the potential interactions existing between 
connection rigidity levels and the likelihood of beam-side tension arising within the frames. Detailed examinations reveal probable occurrences 
of beam-side tension within frames crafted from fully rigid connections, particularly for beam-section ratios that exceed about 0.5 of those 
connections. Notably, fully rigid connections fall below the trends observed in field testing. Furthermore, evidence points to the fact that the 
proportion of beams within a framework that exhibit tensile stress can be modeled as a nearly linear function relative to the connections’ 
overall rigidity parameters, typically ranging between 0 and 1. The classification of different connection models is summarized as shown in 
Table 2.   

Table 2. Types of connection models used in elastic-plastic structural analysis (Chen et al. 2011) 

Type of connection model Classification by stiffness Classification by strength 
Continuous Rigid Full strength 

Semi-continuous 
Rigid Partial strength 

Semi-rigid Full strength  
Partial strength 

Simple Nominally pinned Nominally pinned 
 

The behavior of semi-rigid frames, particularly with specific arrangements of connection types, is expertly characterized by employing plastic 
hinge analysis. The outcomes inferred from plastic hinge models are thus juxtaposed against those produced by finite element analyses, 
revealing noteworthy insights. Recognizable impacts stemming from connection stiffness can indeed be observed on both the ultimate load-
bearing capacity and overall behavior displayed by the frame structures. Furthermore, research insights indicate the pronounced influence 
that semi-rigid connections have on localized buckling behavior observed within the flanges of beams. Additional research endeavors seeking 
to explore the effects of semi-rigid connections in conjunction with the membrane actions witnessed in concrete sandwich elements are clearly 
warranted. The documented overstresses localized within the connection regions signify the undeniable necessity for enhancement within the 
existing design guidelines governing the behavior of semi-rigid connections, especially as those guidelines pertain to adverse conditions 
stemming from accidental loads, such as those created by impacts or seismic shifts. Figure 2 shows the variation of the moment-rotation 
relationship in connections.  
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Figure 2. The variation of the moment-rotation relationship in connections (Sağıroğlu and Aydin 2015, Ardalani 2025) 

The performance characteristics of semi-rigid frames, particularly those employing circular hollow sections, have been thoroughly analyzed in 
terms of varying severe damage and failure scenarios resultant from substantial seismic activity. Assuming the presence of bilateral semi-rigid 
connections at the joints, a sophisticated finite element modeling scheme is employed to closely study the nonlinear inelastic behavior exhibited 
by plane frames with specific configurations of connection typologies. The resulting analyses yield significant findings relating to ultimate load 
capacities and modes of failure exhibited by the frames. The impact of connection stiffness is increasingly distinguishable when examining 
frames characterized by connections that possess only moment resistance features. Furthermore, responses demonstrated by semi-rigid 
connections in conjunction with concrete-filled tubular members, particularly under local and compressive damage scenarios, are closely 
investigated, leading to the derivation of specific strength reduction factors that are instrumental in simulating the structural reactions of 
semi-rigid connections under varied service conditions. This ongoing investigation shows that specimens manifesting local damage exhibited 
approximately a 10% increase in strength reduction when juxtaposed with global damage specimens subjected to analogous service conditions. 
In contrast, responses from specimens characterized by compressive damage varied considerably depending on the applied conditions and the 
precise locations of the damage incurred. This research ultimately underscores the critical significance of considering loading conditions and 
damage locations to achieve a meticulous assessment of the intensity of the structural responses observed in building frameworks, leading to 
better-performing design implementations. Furthermore, the development and formulation of a robust analytical model aimed at 
understanding the moment-curvature behavior of general semi-rigid beam-to-column joints allows for comprehensive assessment under 
multi-directional loading scenarios. This model smartly accounts for the variability in and stagger of the interacting bolts, alongside the various 
influential factors involved, particularly regarding the disparate modeling of connections via a range of 1D elements. This approach also 
includes the innovative derivation of a generalized cross-sectional method and the proposal of a connection filtering technique to enhance 
analytical precision and efficacy. Verified through a comprehensive series of finite element simulations targeting various connection 
configurations, its implications for performance-based seismic design are thoroughly scrutinized, particularly within the framework of a 
generic frame, leading to the establishment of criteria based on force-displacement response spectra. The foundational analytical model is 
meticulously derived initially for a straightforward four-bolt general moment-resisting connection before being broadened for more complex 
configurations, inclusive of connections featuring a continuous moment-resisting plate spanning across the flanges. Subsequently, this 
generalized cross-sectional method is advanced as a pivotal part of the initial design phase, leading to an enhanced connection filtering 
technique that ultimately refines the implementation of seismic design practices, culminating in an overall improvement in the performance 
metrics of the connection model (Nazari, 2013). 

1.2. Historical Development and Significance 

In steel structures, the traditional classification of joints is divided into two main categories: pinned or rigid (or full strength) joints. Within this 
framework, the design of various connections is predominantly based on these specific assumptions. Adopting the assumption of a pinned 
connection brings an element of simplicity to the processes involved in analyzing and designing steel structures, as it permits the connection 
at the ends of the members to be considered functionally as pins. This simplified analysis allows for the moment resisted by the beam section 
to be maintained as constant along the entire length of the member. However, it is crucial to note that this assumption is idealized, as the actual 
behavior of the joint often resides somewhere in between the characteristics of a rigid joint and a simple pin connection. Thanks to 
advancements in material science, evolving structural engineering practices, and technological innovations, the design methods of connections 
employed in steel structures have undergone significant transformation over the years. In this context, it is essential to undertake a 
comprehensive evaluation of the integrity of the entire structural framework, as well as its resistance to various failure modes that can differ 
not only from member to joint but also to system level. Subsequently, we will briefly outline the historical development of semi-rigid connections 
in steel structures, highlighting the progress made in industry standards and engineering practices. We will also emphasize the profound 
influence these advancements have exerted on connection design in general, showcasing their critical importance for steel structures. 
Additionally, we will cite significant case histories that underscore the relevance and efficiency of semi-rigid connections when integrated into 
complex structures. By following this historical trajectory, a clearer understanding of the behavior of semi-rigid connections in practice is 
provided, thus justifying their basis for contemporary construction methods. At the conclusion of the analysis of selected case histories, a 
diverse range of structures will be examined, allowing for the rigorous investigation of various factors contributing to structural integrity and 
overall performance. These illustrated facts and findings may serve as invaluable resources for structural designers and researchers engaged 
in the field. Within this context, the necessity for incorporating select case histories is discussed—specifically, these serve as tangible examples 
of the application of semi-rigid connections within the design of steel frameworks. This serves to emphasize the sufficiency of existing data, 
which is readily available, meticulously prepared, or anticipated to emerge in the near future. Our discussion is embedded in a broad historical 
review that encompasses the entire spectrum of steel framework connection design, spanning from research focused on simple pin connections 
and rigid connections to the intricate process of designing semi-rigid connections. This multifaceted approach presupposes a deeper 
understanding of connection behavior that transcends the basic principles of engineering statics, ultimately leading to improved reliability 
and performance in steel structures (Nazari, 2013). 

Early frame structures were initially analyzed and studied as continuous beams, where it was assumed that rigid connections existed at the 
joints between the various beam segments. As the field advanced over time, further developments led to a focus on different assumptions 
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regarding the conditions of pin-connected joints, particularly at the ends of beams. This evolution ultimately gave rise to the comprehensive 
theory of space frames, which is now a fundamental aspect of structural engineering. The notable simplicity observed in the internal forces and 
moments within the members and joints enabled a reliable, straightforward approach to the design of such structures, making it easier for 
engineers to ensure stability and safety. The Industrial Revolution marked a significant turning point, heralding rapid advancements in the 
production and use of steel as a primary material in construction. With the introduction of standardized sections and mass production 
techniques, steel gradually lost some of its former elite status and emerged as an economically advantageous building material available for 
widespread use. The earliest implementations of steel in frame structures primarily relied on cast iron, which served as the foundational 
material for construction. Nevertheless, the shift towards the use of wrought iron and eventually steel began to take root early in the nineteenth 
century, reflecting the changing landscape of engineering materials. A series of disastrous fires and structural collapses brought to light the 
limitations of the existing technology concerning construction forms. These incidents emphasized the need for improvement and innovation 
in the profiling technology, which involved the design and construction of an array of lattice girder roofs that could span distances of up to 30 
meters. From these developments, two more efficient systems emerged, which would come to dominate building construction over the following 
150 years; the magnificent arched roof structures seen in Victorian architecture and later in railway stations. These pioneering designs included 
a suite of evolving technologies cultivated in Sheffield. Additionally, the portal frame construction gained popularity, especially for factories 
and warehouses, as it utilized the newfound capability to fabricate cruciform section columns. As structural spans began to exceed 45 meters, 
engineers turned to truss systems and subsequently braced frames for solutions that addressed the challenges presented by longer reaches. 
However, a combination of factors, including the requirement for on-site assembly and the expanded footprints necessitated by older 
technologies, imposed practical limits on both methods. Consequently, both structural systems began to lose favor during the 1960s, particularly 
as the fluctuations in steel capital costs escalated exponentially during periods of rapid economic growth. In what felt like a relatively brief 
span of time, the once highly refined mass production processes that had developed into sophisticated systems for fabricating materials met 
the mounting demands for continuous upgrades in connection technologies. These enhancements were essential to fulfill the contemporary 
expectations for load-bearing capacities, stiffness, and durability within modern articulated load-bearing architectural environments (Liu, 
2012). 

2. Behavior and Mechanics of Semi-Rigid Connections 

A steel frame is comprised of a series of interconnected members and fasteners that combine to resist applied loads and to support imposed 
gravity and lateral loads. At the joints of the frame, a number of components are joined that together must resist the loads imposed on the 
connection. It is vital to give due consideration to connection design and behavior when designing steel structures. Research and experience 
have clearly demonstrated that a frame that includes more accurate semi-rigid connection conditions in its analysis is expected to have a much 
more efficient design. Therefore, in the design or analysis of such frames, a good knowledge of semi-rigid connection behavior is of vital 
importance (Nazari, 2013). 

At its most fundamental level, a steel or composite connection serves the essential function of transferring various forces or moments between 
its interconnected structural members. In steel frames, this crucial transfer is effectively accomplished through the strategic combination of 
fasteners and coped or welded surfaces that collectively constitute the connection. The specific ways in which these forces are conveyed through 
the connection play a significant role in defining the complex load paths and, consequently, the load sharing dynamics between the adjoining 
beams and columns. These intricate load paths are not straightforward; rather, they are complex and compete at each joint, significantly 
influenced by the inherent stiffness of the connection itself. Beams, in their role, transfer the vertical forces that arise from gravity or lateral 
loads, leading to predominantly hogging or sagging moments, which are effectively resisted by these beams. This action, in turn, induces chord 
or axial forces within the columns. It is essential to note that columns must counteract axial forces, along with the bending moments that are 
generated either within the column itself or transferred from the beams above them. The configuration of beams only provides discrete locations 
for the connection of the column, consequently inducing a relatively complex distribution of forces within the column members. These 
multifaceted interactions are further complicated by the fact that certain second-order effects, such as iy, are highly dependent on the stiffness 
and resistance characteristics of the framing connections. The significance of addressing each of these complexities cannot be overstated, as 
they must all be carefully accounted for in a robust and adequately accurate analysis of the entire structural framework. Understanding the 
interplay of these forces and moments is critical for ensuring the structural integrity and reliable performance of steel frames under varying 
loading conditions. The rotational deformation of a semi-rigid connection is shown in Figure 3 under loading.  

 

Figure 3. Rotational deformation of a connection (Chen et al. 2011) 

The fundamental building block of rigorous analysis is the moment-rotation behaviour of connections. Once the moment-rotation behaviour is 
clearly understood or appropriately assumed, the overall behavior of the structure can effectively be predicted, and the loads that are 
transferred through the frame can be accurately established. A crucial corollary stemming from the necessity to meticulously account for the 
joint's geometric nonlinearity compliances is the important requirement to describe joint stiffness in truly realistic and practical terms. 
Establishing a clear and effective connection between robust theoretical principles and the realistic representation of joint stiffness is a key 
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aim of this research. Therefore, this paper will frequently present in-depth theoretical derivations alongside practical, concrete examples to 
illustrate the concepts clearly. Figure 4 shows the typical moment – rotation curves of the beam-to-column connections for different types of 
rigid, semi-rigid and pinned connections.  

 

Figure 4. Typical moment – rotation curves of the beam-to-column connections (Chen et al. 2011) 

2.1. Load transfer mechanisms 

The mechanism by which loads are effectively transferred through semi-rigid connections is quite complex and intricately involves a multitude 
of factors, including the interaction between the external loads applied to the structure and the essential strength and stiffness characteristics 
of the connections themselves as shown in Figure 5. Therefore, achieving a thorough understanding of the behavior exhibited by semi-rigid 
connections when subjected to various loading conditions becomes of paramount importance, particularly for ensuring the stability and 
integrity of the complete structure. Conventionally, the behavior of the joints within these structures has been represented by a graphical 
moment–rotation relationship. This representation tends to overlook and neglect how shear forces are transmitted effectively by the 
connection. Nevertheless, it is reasonable to apply this model for a nominally pinned connection, where hinge-type behavior is predominant. 
However, for a semi-rigid connection, which commonly possesses a partial-strength characteristic, it is indeed the stiffness of the connection 
that significantly influences how the loads will be distributed within the joint prior to the connection behavior approaching a pinned condition.  

 
Figure 5. Load transfer through semi-rigid connections  

This work rigorously considers the different paths that loads can take as they traverse within a structural framework composed of beams and 
columns, in addition to how this load path may be influenced by the specific design of the connections. Most crucially, the focus is placed on 
understanding how the stiffness of the connections influences the manner in which loads are shared within the joint, and how this load-sharing 
can be modified or altered by various external factors. This exploration ultimately provides a comprehensive knowledge base regarding the 
effect of connection stiffness on load transfer processes and how loads are effectively transmitted within a semi-rigid joint. The information 
and knowledge presented here are critical for performing an in-depth and detailed analysis of joint behavior under realistic conditions. By 
internalizing how different loads may be transferred, engineering judgment can be significantly enhanced, facilitating the ability to predict 
potential failure modes while also aiding in the overall design process of the construction. Moreover, the performance of joints can be evaluated 
more effectively within the broader context of frame analysis, allowing for a more realistic portrayal of how they function. Numerous external 
factors can potentially influence how efficiently loads are transferred between structural members, and these can be anticipated and 
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accommodated within a simplified frame model to establish some reasonable bounds on the expected behavior of the joints. As previously 
mentioned, the behavior of the joint has historically been represented and analyzed through the use of a pertinent stiffness term in conjunction 
with a moment-rotation function systematically defining the force in terms of the deformation observed at the joint. Nevertheless, this classical 
treatment presupposes that the loading conditions are predetermined and fully known, and the objective of this discussion is to define the 
connections under various loading interactions as efficacious connections capable of carrying loads in multiple and diverse manners (Nazari 
2013, Liu 2012). 

2.2. Moment-rotation behavior 

Since the beginning of modern steel construction in the late 19th century, one of the most challenging decisions in creating steel structures 
has been to determine the technical properties and behavior of connections, the details of the connections that hold together the beams and 
columns. As opposed to fully-rigid or simple connections, semi-rigid connections allow a certain range of rotation so that structures become 
more tolerant to differential settlements and beneficial redistribution of forces is possible, especially in earthquake prone regions. On the 
contrary, a further displacement of a simple-framed structure creates significant flexibility so that stability problems occur. The behavior of 
frames partially depends on the moment-rotation response of connections. Semi-rigid connection forms a continuous moment-resisting frame 
using beams and columns and has a rotation capacity much higher than fully rigid and for the purposes of the study theoretically pinned 
connection while having some initial stiffness and resistance characteristics to the axial loads and bending moments (Faridmehr et al., 2017). 
Connections are a crucially important part of steel structures, which play a significant role in a frame stiffness and strength. Semi-rigidity in 
moment connections arises from penetration of the flanges due to the shear forces and moment transmission is not solely reliant on the bolted 
components. Two main components defining the behavior of connections are the end plate and the continuity plate which are respectively, 
welded to the beam in one factory validation test in pairs and preventing retrieval and the rotation of the column (Shafegati Charvade & Mostafa 
Mousavi Janbeh Sarayi, 2020).  

As the applied moment increases from zero to the yield strength of a section, the rotation does not increase same with the change in moments. 
At the beginning, an incremental higher yield moment is required for an increment in rotation due to the stress development at critical points. 
After the yield strength is reached, a further increment of moment creates ductile rotation without an additional increase of stress at the 
connection. This moment-rotation behavior is a major issue in the functional behavior of a semi-rigid connection and more complex than fully 
rigid and pinned connections. Thus, a proportionally comprehensive understanding of this issue definitely affects the design parameters that 
are to be checked for various frames and frames. Several considerable parameters have been determined through considerable finite element 
studies and many others have been suggested based on the experimental studies. Many simple methods have been proposed just to calculate 
the inefficient length of a semi-rigid connection and ignore many important parameters. An end plate connection is shown in Figure 6 as semi-
rigid connection type.  

 

Figure 6. Semi-rigid connection type (End Plate Connection) 

There are proposed analytical approaches calculating the full moment-rotation curve for any I-Shape beam to a wide flange column bolted 
connection with the using ordinary cross-section analysis software. Using these proposed methods connecting geometries and materials play 
important roles on moment resistance can be modeled with great accuracy to predict connection behavior very effectively. A simulation of an 
ordinary building under static equivalent lateral force procedure within the framework of the American building code is presented, highlighting 
the real consequences of the moment-rotation behavior of the connections with illustrative examples and case studies. 

3. Analytical Models for Semi-Rigid Connections 
 

 Introduction 

Analytical modeling has played a crucial role in understanding the behavior of semi-rigid connections and has been a key enabler of the 
development of practical design rules. Two basic types of model maybe specified: component and connection models. The former concerns the 
evaluation of the component parts of the connection, i.e. the various elements that make up the overall connection and the way in which they 
interact. The latter is concerned with the connection as a whole and seeks to take a more holistic view, considering the behaviour of the 
connection in its more complete or complex context within the structure as a whole, including any transfer of forces or moments into the 
connections from the surrounding structure, or their subsequent transmission out of the connection and into other parts of the structure 
(Nazari, 2013). 

 Component models 
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Analytical models developed to simulate the first mode of rotation stiffness degradation observed may be divided into two categories, according 
to the modelling concept they are based on. The component-based concept considers the evaluation of the parts, or components, that are joined, 
rather than the modelling of the whole joint or connection at once. Knowledge about the actual behavior of most components forming typical 
connections has led to the development of simple models. The other concept considers the whole connection as a more complex part of the 
structure and seeks to simulate its behavior accordingly. In what follows, the two above-mentioned concepts are briefly introduced. 

 Connection models 

Engineers have attempted to develop analytical models for design. One approach to the model of moment resistance has been based on moment-
rotation behaviour. Initial analytical solutions will consider model behavior that may then be further developed and calibrated against test 
evidence. However, familiarization with the model and an understanding of the mode of behavior it represents requires a brief quantitative 
explanation of the model. The results from the analytical models show that the connection geometry and moment gradient along the connection 
are important factors when considering moment-rotation behavior. It may also, perhaps conversely, suggest that designers need to fully 
understand the behaviour of the connections they are specifying, something that may be relatively complex, so that ‘blind’ selection can be 
avoided. With the increasing integration of software packages designed for various aspects of construction it may become easier to use 
sophisticated analysis packages to model connection assemblages more accurately. As an alternate approach to full modeling, the analytical 
models may enable simple rules to be developed that allow connection moment resistance to be approximated. Figure 7 shows a simple beam 
with semi-rigid connection at both ends under uniformly distributed load.  

 

Figure 7. Simple beam with semi-rigid connection at both ends (Chen et al. 2011) 

3.1. Component models 

Comprehensive research in the field of semi-rigid steel connections in structures, including the review, joint component models, calibration 
procedures, case studies of structural applications and a proposal for future research needs, has been recently completed. 

In order to model semi-rigid connections, it is important to start with modelling components of connections. These components and their 
interaction in connections should result in a semi-rigid connection behaviour. Two categories of models are mainly discussed in current 
research: 

4-node and 8-node elements for detailed non-linear FE analyses; Macro-components or perfect elements that describe the non-linear 
behaviour of the connection joints in a simple way and are incorporated in frame analysis. The material for the discussion of joint 
components are bolts, welds, end plates, column flange and column web and beam flange should have studied angles due to the bolt groups. It 
is the bolted connections that have turned out to be the most promising systems. The connections are both simple to assemble and 
disassemble with a bolt and a nut and can effectively transfer loads between members. Considering the increasing amount of steel 
frameworks being used around the world, the development and use of structural connections has become very important. Due to the 
complexity of the behaviour of a structural connection, engineers have resorted to using simple models that can effectively assess it (Liu, 
2012). Because a connection itself actually results from the interaction of components, the majority of the proposed models take into account 
the behaviour of the bolts, end plates, angle sections and welds of the connection, that is being proposed a model for the interaction of a bolted 
T-stub connection in a parametric study. It is thought that it is important to research and to calibrate such joint components in an isolated 
manner through experimental tests and parametric studies before attempting to model a semi-rigid structural connection. Different 
component models are shown in Figure 8.  
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Figure 8. Component models 

3.2. Connection models Energy-Based Seismic Performance Investigation of Semi-Rigid Steel Structures 

The focus of most research on semi-rigid connections has been on individual components, such as how the end plate behaves and when the 
bolt holes start to deform in a beam to column bolted connection. This is an important part of the behavior of a semi-rigid connection, however, 
in a real structure, the behavior of the connection as a whole becomes important. In a steel structure semi-rigid connections are known to affect 
the overall rigidity and stability of a structure. Yet models for the collective behavior of all components in a connection do not exist. Since 
connections are rebuilt in each earthquake the importance of this analysis is two-fold. (i) A typical design should not experience sudden failure 
during a design earthquake, therefore, an understanding of the behavior of connections under large deformations, which may not be captured 
in models based on basic mechanics arguments, is important to understand the margin of safety in design. (ii) Semi-rigid connections are rebuilt 
multiple times in a design life and the resulting frame will have a history of connections. The behavior of a system of semi-rigid connections 
may be more complicated than that of elastic ideally pinned connections. The goal of this section is to provide a tool which may be of use in this 
context. Here the behavior of open beam to tubular column connections in steel moment frames under loading combinations of, P-D, P-L, M-D, 
and M-L are studied. The object of the analysis is to obtain a model for predicting its behaviour in design provisions. The comparison of this 
model against experimental measure and against models based on basic analogies is also performed. 

Building structures are statically indeterminate. A force applied to a column causes bending not only in the column but also in the beams. In 
turn, these induce additional bending moments in the column. The result is a series of complex and highly nonlinear interactions. These 
dynamic interactions are important in light of recent findings regarding the importance of the distribution of inter-story drift in building 
structures (Liu, 2012). Buildings are designed to maintain overall lateral sway and it is necessary that the story drift is relatively uniform, 
although not strictly the same, in different parts of the building. In this context, the interaction between horizontal loading and vertical loading 
can induce local softening (Figure 9). 

 

Figure 9. Behaviour of semi-rigid connection type in a steel frame under loading 

4. Design Considerations for Semi-Rigid Connections 

Introduction Semi-rigid steel connections are considered any connection with a rotational stiffness lower than the beam. Beam-to-beam joints 
are moment-resisting joints that prevent rotation at the connection. There are extensive literatures on semi-rigid thinking the joints as an 
equivalent node. The majority of the studies have been done in this field analyzing the behaviour of semi-rigid frames in real static process or, 
in the best cases, their dynamic behaviour. Problems such as finite element model updating of frame (Shafegati Charvade & Mostafa Mousavi 
Janbeh Sarayi, 2020) and structural damage detection of frame have been the results of conducted studies with the above-mentioned approach. 
In recent years, however, attention has been turned to the design and erection of structures, the after construction process. There is little 
published research in the earlier phases of the design. A field to which some of the previous work of the author was directed is in the 
determination of initial member sizes and design of simple connections. There is also emerging work on an efficient analysis for early screening 
of frame response.Strength versus Stiffness in order to address possible design implications for semi-rigid connections with respect to strength, 
it is important to initially understand the relative effects of strength and stiffness requirements on connection performance. It is 
straightforward, but problematic, to envisage that a fully rigid (moment-resisting) connection is also fully effective in achieving the expected 
relative joint strength, therefore, a semi-rigid connection would provide only a reduced strength performance. The real configurations that 
serve effectively under the intended performance requirements of the relevant connections are typically both strength and stiffness controlled. 
It is argued that it is essential for designers to better appreciate this characteristic in connection performance, and to use available design 
resources accordingly. By providing an intrinsic realization of reduced performance capability, an under strength connection will also be less 
effective in utilizing the affixed connection moment capacity. With the connection under-utilized, there is the risk of surpassing the design 
moment capacity of connecting members themselves. Enforcing both the individual connection and member strength without related 
consideration and also paying insufficient attention on connection deformation could jeopardize the reliability and also the efficiency of the 
overall structure. 

4.1. Strength and Stiffness Requirements 

For effective design of semi-rigid connections in steel structures, the required strength and stiffness of the connection need to be determined. 
The focus is first on what the requirements are, and then on how these requirements can be met. Many parameters that affect the strength and 
stiffness of such connections are well known. A considerable amount of research in this field has been reported, including recommendations 
and empirical formulae based on finite element methods, experimental results and improved beam-on-elastic-foundation models. But there 
are few reports on the strength and stiffness requirements based on overall stability and how these requirements can be met. However, designers 
need to consider these aspects before proceeding to design the details. Naïve choices, such as making the connection as strong as possible or 
matching the beam action with angle cleats, are neither efficient nor practical. The poor stability associated with these choices could lead to a 
catastrophic consequence. Anyway, with the following suggestions and clause 6.1—the semi-rigid joints method—the requirements of ensuring 
the strength and stiffness of the connection should be always met. Some projects illustrate how this can be done. 
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4.2. Fatigue and Seismic Performance 

The fatigue and seismic performance of steel structures have been meticulously investigated in numerous scholarly studies, with the primary 
objective being to provide thorough and detailed recommendations for the analysis and design of semi-rigid connections. These connections 
must be capable of functioning effectively under the challenging conditions posed by repeated and dynamic loading scenarios. The steel 
connections which are established between beams and columns are widely acknowledged as critical components that play a significant role in 
contributing to the overall load resistance of both steel buildings and bridge structures. These connected beams perform an essential function, 
as they not only resist bending moments and shear forces, but also offer vital support to the column structures that stand tall and provide 
structural integrity. Thus, the reliability and performance of an entire steel structure is heavily dependent on the overall integrity and resilience 
of its various types of connections. For this reason, when considering the design intricacies of steel buildings or bridge frameworks, it becomes 
imperative to conduct comprehensive evaluations and precise designs of such connections. This evaluation must take into account their load 
resistance capacities and deformational behavior, as these are essential aspects that absolutely cannot be overlooked. As a result of sustained 
and repeated loading, cyclic stresses can develop in the regions surrounding welded connections, which may ultimately lead to premature 
fracture and potential damage to the connection over time if not properly accounted for. Consequently, the design process for semi-rigid 
connections in steel building frames must be approached with utmost diligence. Engineers must ensure that these connections are designed to 
endure a significant number of load cycles, thereby effectively preventing fatigue failure from occurring before the projected design life of the 
structure is reached. Such specific types of loadings that involve repeated cycles are distinctly classified as fatigue loading, which underscores 
the critical importance of adopting robust engineering practices. By doing so, we can work towards achieving durable, reliable, and long-lasting 
steel structures that can withstand the test of time and the challenges posed by their environment. (Freya et al. 2016, Liu 2012, Ding et al 2021, 
Fang et al. 2022, Behnamfar and Almohammad-Albakkar 2023, Tang et al. 2022, Zhao et al. 2022, Ghaderi & Gholizadeh 2021, Ribeiro et al. 2022, 
Guo et al. 2021, Chen et al. 2022, Fang et al. 2022, Ding et al. 2021, Ribeiro et al. 2022, Ning et al. 2024, Tang et al. 2022, Behnamfar and 
Almohammad-Albakkar 2023, Ghaderi & Gholizadeh 2021, Amin et al. 2025, Liu et al. 2025, Fang et al. 2022, Ribeiro et al. 2022, Hai et al. 2024, 
Wu et al. 2022, Wang & Wang 2023, Amin et al. 2025, Pan et al. 2024, Behnamfar and Almohammad-Albakkar 2023, Liu et al. 2025, Fang et al. 
2022, Behnamfar and Almohammad-Albakkar 2023, Tang et al. 2022, Ghaderi & Gholizadeh 2021, Issa et al. 2024, Mohabeddine 2022, Liu et al. 
2023, Tafsirojjaman et al. 2022, Hua et al. 2022). 

5. Experimental Testing and Validation of Semi-Rigid Connections 

Empirical validation by experimental testing of the performance and design of semi-rigid connections in steel structures is indispensable for 
the successful implementation of semi-rigid connections as alternatives to rigid connections in steel structures. Experimental testing has been 
carried out for post-buckling behaviour of I-columns, beam-to-beam connections, and CFS-concrete composite EBFs. The post-buckling 
behaviour of I-columns is influenced by different boundary conditions, stiffening arrangements, and local-distortional stability of the web. 
Among different shapes of stiffening and connecting plates, U-stiffening and connecting plates connected by bolts are found to be the weakest 
one. The significantly lower post-buckling strength is found in smaller I-columns than larger I-columns with the same configuration. For the 
post-buckling behaviour to be stable, I-columns must have adequate introduction of stiffeners. The sectional capacity of I-column is shown to 
be a mere indication of the actual post-buckling behaviour. It indicates experimental tests should be conducted to verify post-buckling 
behaviour when beam-columns with post-buckling behaviour are to be used in the design of semi-rigid connections (Figure 10). 

 

Figure 10. Buckling analysis of a semi-rigid portal frame (Chen et al. 2011) 

Various beam-to-beam connections using double-coped angular sections with different connection details have been tested under constant 
and variable controlled moments. Shear transfer is most effective in a connection detail with continuous lower flange with web stiffeners and 
an end plate (Faridmehr et al., 2017). Connection with coped upper flanges and stiffeners at the web flanges near the copes also displayed good 
results for both bending and shear moment resisting (Liu, 2012). A study of prototype composite EBFs with concrete infill slabs carried out for 
different infill thicknesses and web stiffener arrangements. It is demonstrated that the existence of web stiffeners is important, especially in 
unfilled and thinly filled EBFs. Major axis flexural stiffness of the composite EBFs is dominated by the steel stud arrangement. Although the 
concrete infill slab provides major axis axial rigidity, it provides almost no major axis post-buckling bending stiffness. Compression flange 
crushing of concrete occurs only after the steel local buckling. A model to estimate the major axis axial rigidity of the composite EBFs is 
proposed, which is applied to modelling behaviour of one-bay composite-CFS EBFs. It is found that the major axis post-buckling capacity is 
controlled by the partially connected studs while the axial tension rupture of the peripheral studs governs the ultimate capacity of the 
composite EBFs. 

5.1. Test setup and procedures 

Semi-Rigid connections are critical elements in the performance, analysis and design of structural frameworks. The semi-rigid connections are 
a substantial means of removing damping and stiffness necessary for performance of steel structures and allow a frame to sustain capacity 



Aydin and Ardalani Brilliant Engineering 1 (2025) 4990 
 

  11 

 
 

under gravity and seismic loads. The accuracy of the analysis depends on the accuracy of the connection design. In addition to the research of 
semi-rigid connections, two ready-to-assemble methods of the steel columns and beams at construction area were adapted with the aim of 
speeding up construction of the structure (Nazari 2013). 

To evaluate and model the actual conditions to evaluate semi-rigid connections with I-section beams, a test setup of two symmetrically-
connected frames at both top and bottom parts is proposed. The loads that the structural frameworks might be subjected to are considered. 
Semi-Rigid connections can be subjected to both axial and moment loads in the analysis of semi-rigid connection frames that it is necessary to 
take both load conditions into account. The method to calculate loads and connections of the test frames is defined. For the static load analysis, 
the method of using a jack with suspended weight to apply an axial load to both top and bottom beams of the frames is determined. Clarifications 
of the materials used (beam, column, bolts, welds) in test frames and stiffness properties are expressed. For the application of the analysis of 
semi-rigid connection, the geometric properties of the frames to be put together are explained with tables and figures. Experimental studies 
conducted for the static and dynamic responses during beam-column and connection element interaction of steel beam to concrete-filled steel 
tube column semi-rigid connections. Various test devices and applications for the determination of dynamic response in semi-rigid connections 
are evaluated to contribute to future experimental setups. It can also be used for the static moment-rotation curves of semi-rigid steel 
structures. Nine successful experimental setups including the superimposed resultant load types were mentioned in the references. These 
setups can be an initial guide for the researchers to determine the test setups. Detailed information given in the test setups can provide positive 
contributions to the reproducibility of results (Liu 2012). 

5.2. Key findings and interpretations 

The results of experimental testing of semi-rigid connections are presented. The experimental results will provide intrinsic insight into semi-
rigid connection characteristics, which can aid in the generation of improved empirical data. Regression models of the performance parameters 
such as initial stiffness, moment resistance and rotation capacity have significantly benefited from the work of (Faridmehr et al., 2017). The 
discussion will first manipulate the results of the experiments in order to gather greater insight into the performance of the connections. 
Research into semi-rigid connections has been constantly conducted since the 1960s. This research remains significant, as strong-coupled 
members can no longer fulfill contemporary demands of an adaptable and environmentally friendly structure. The behavior of semi-rigid 
connections in steel frame structures considerably influences the general performance of the building. A large quantity of studies has been 
done during the last 50 years, offering the fundamental facts necessary for the design of stable frames with semi-rigid connections. Semi-rigid 
connections can present sufficient ductility to the framework beneath the yield stress. In this way, the connections with the frame can endure 
the lateral force and can elongate the lateral swaying period of the frame. Moreover, the transport of power with the formation of plastic hinges 
in the connections will not be as immediate as in rigid connections, be it due to the existence of plastic values in the column and/or the bending 
of the joints. 

6. Case Studies and Applications of Semi-Rigid Connections 

This research has been undertaken because of the interest in the behaviour of semi-rigid connections and the relative need of performance 
based design methods. It endeavours to contribute to a better understanding, by developing and evaluating a performance based design method 
for bolted side-plate connections. Broadly, the research program has encompassed an extensive, critical and in-depth review of the behaviour 
and design methods for semi-rigid connections. This included the derivation and development of design rules for semi-rigid connections. The 
research was also designed to investigate the limits of a proposed simple component-based design to semi-rigid connections. In parallel with 
that, a comprehensive review of the design approaches for the semi-rigid and rigid design of semi-rigid connections was undertaken. This 
included descriptions of the needed basic concepts utilized in these methods. Importantly the research was planned to critically assess the need 
and applicability of a recognized (component) method for predicting the connection behaviour. This has been achieved through a procedure of 
carefully conducted comparisons of it with test research results. The limitations and potential improvements for those methods were 
investigated over the broad connection behavior considered. Finally, a manual style of a simplified procedure was compiled for the design of 
semi-rigid connections to special moment resisting frames. In the theoretical work of this study the solution of the moment resistance capacity 
of semi-rigid joint according to the component method is presented. It was founded that the solution of the moment resistance capacity of semi-
rigid joint according to the component method is in accordance with the non-linear numerical analysis applied for the semi-rigid joint. Further, 
taking into account the imperfections of material and production of elements in the column base connections, nonlinear numerical 
asymmetrical analyses were performed without any simplifications. Additionally, the analysis was taken how the implemented imperfections 
in the joint influence the nonlinear moment – rotation relationship of the semi-rigid joint. In this way the theoretical research of this study 
brings the new knowledge suppon the influence of realised imperfections at semi-rigid joints on their behaviour. Also, the design guidelines 
based on the above were compiled. To frame these the research has been structured around a major experimental program of the quasi-static 
evaluation of full-scale sub-assemblies of beam-to-column semi-rigid connections for moment-resisting applications working under strong 
and/weak beam conditions (Nazari, 2013). The experimental work was being supported by a limited amount of carefully targeted numerical 
analyses (Liu, 2012). On the basis of the research, but with recognition of the severe limitations of the experiments on the generality of the 
behaviour, it is recommended that detailed and far more rigorous studies of the component connection behaviour and transfer mechanisms 
under unsymmetric loading conditions be undertaken. 

6.1. Industrial and commercial buildings 

Semi-rigid connections have been extensively employed in many industrial and commercial buildings, often used as a node for open web 
tapered sections to solid sections. As is widely acknowledged, many structures are specimens consisting of only straight members and only 
axial forces in practice. Therefore, these connections might not play a role within the structure design. However, in certain performance criteria, 
such connections could significantly enhance the structural behavior, lead to the beneficial effects for the design practitioners in structural 
engineering design (Shafegati Charvade & Mostafa Mousavi Janbeh Sarayi, 2020). This subsection shows structural case studies for a large and 
common use of semi-rigid connections in industrial and commercial buildings. The different performances of the connections are represented 
through the different parametric comparisons or alternatives that are suggested by the commercial or environmental requirements. The cases 
also show that these types of connections in large open spaces are really flexible and efficient in the structural design. 

A semi-rigid joint rotation is often necessary for the analysis of most steel structures. Semi-rigid connections are wrenches that join two or 
more members. The rigidity in the connection creates that moment and axial load are transmitted across the joint and these commonly depend 
on the material, geometry and method of construction. Thus, in structural design, semi-rigid joints in steel structure need to be considered as 
having nonnegligible flexural stiffness. They can occur at the meeting of beams to girders, bracing members or to columns, and forming a node 
consisting of gusset plates and bolts and/or welding. A joint could be treated as a pinned connection when the rotational stiffness is quite low 
in comparison to the beam stiffness. Thus, semi-rigid connections are between those two types. The structural response depends on the 
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rotational stiffness of the connections, being vulnerable to stability and lateral loads (Liu, 2012). Generally, such connections are more 
complicated than pinned connections, and difficult to model analytically. Joint slip and member geometric imperfection represent challenges 
from a numerical modeling point of view. 

6.2. Bridges and infrastructure projects 

Semi-rigid connections play an important role in bridges and large infrastructure projects. Due to the ever-increasing volume of construction, 
the need to achieve more with less has become the focus of engineers who design larger and more challenging projects. The application of 
optimal design for buildings has already reached a good level of development. However, less attention has been paid to bridges and other 
infrastructure projects in steel construction. Semi-rigid joint connections have proven advantages for ensuring system performance under 
different loads, such as dynamic or seismic, and maintaining robustness in case of damage caused by environmental factors. This subsection 
fills the gap by focusing on bridges and large infrastructure projects made of steel structures in urban and offshore environments. Some 
successful and unsuccessful projects or construction in progress in different parts of the world are also investigated (Liu 2012). 

Bridges and large infrastructure projects, such as airports, stadiums, halls, containers, or telescopic containers, benefit the economy and 
civilization of each country in terms of trade, entertainment, industry, or accommodation. Steel structures provide effective solutions for rapid 
and accurate manufacture in difficult conditions, with long holds and long runs allowing for construction work dislocation. Proper building 
selection provides aesthetic beauty, durability in durability, and high profitability in long-term maintenance. However, the continuous increase 
in ambient energy, growing traffic loads, malfunction of the load-carrying element, or unexpected natural disasters can lead to ultimate 
thinness of the construction element. Temporary loads, displacement vibration, large dynamic amplitude, noise, shrinkage or heat resistance 
create greater conditions for imperfect use and also increase the need for the limitation of computer technology. That is why, geometry devices 
are designed for open spaces, with a light space with a truss with the system with a steel frame (Nazari 2013). Land protection and creation of 
large areas for building purposes is the main aim of the innovative solution of these constructions with sea; Structures located, piers, offshore 
and drilling platforms or reinforcement seawalls, dikes, tunnels and vaults. 

7. Future Trends and Innovations in Semi-Rigid Connection Design 

Steel structures are today a prevalent choice across building and non-building applications primarily due to the speed and ease of erection on-
site. One of the most critical design considerations in the design of steel structures is the connection design. Connections play a key role in 
dictating the behavior of the structure; can have a significant effect on the overall structural performance, including the ductility of the 
structure, its flexibility, and the extent of the energy dissipation during extreme loading conditions. An adequate modeling of a connection’s 
behavior, whether it is simple or complex, rigid or semi-rigid, leads to an accurate and effective representation of the structural response (Liu, 
2012). A rigorous modeling of a semi-rigid connection should account for the true behavior of the connection through the modeling of the 
partial fixity between beam and column members. The behavior of connection should be properly and accurately represented to assess the true 
behavior of a steel semi-rigid frame structure. Analytical techniques play a significant role in the modeling and understanding of the behavior 
of semi-rigid connections. The effect of the connections should be modeled appropriately in a structural analysis. Over the years, advancements 
in analytical techniques have led to a better understanding of the behavior of connections. There is numerous analytical and numerical research 
on connections and/or semi-rigid connection frames in literature by considering various representative models of connections, also known as 
connection models. Connection models can generally be classified based on their representation in terms of constitutive and geometric stiffness. 
However, the modeling of a partial fixity between beam and column members and its design implementation in commonly used design software 
packages still poses challenges to designers and researchers (Nazari, 2013). There are direct implications of the connection behavior represented 
by a connection model on the structural response under gravity loads, lateral loads, and extreme loading conditions, including seismic loading. 
A future trend in the design of steel structures is expected to be associated with the development of more user-friendly and effective design 
tools and the advancement of the modeling and design methodologies including those for connections. The widespread use of analytical 
techniques for the designing and analysis of structures gave rise to the use of various software tools. Recently, the development of various 
computer software programs has led to significant advancements in the design of steel structures. These software tools allow the designing 
and analysis of structures without conducting detailed analytical and numerical calculations. It is not only possible to evaluate the structural 
performance and capacity but also the connections. There are various software tools available in the market that are utilized by researchers 
and engineers for the designing and analysis of steel structures. Recurrently used commercially available software packages include, and some 
researchers have used in-house software or developed tools based on a different method for the analysis of the structure and connections. Some 
commercial software tools have developed connection design modules addon.  

 

Frye and Morris (1975), were proposed the first mathematical model for evaluating the moment-rotation behaviour of several types of 
connection based on an odd power polynomial factor. The Frye-Morris model was created using a procedure originally established by Sommer 
(1969). They determined the polynomial's constant using the least squares method. The model is expressed as: 

θr =  C1(KM) +  C2(KM)3 +  C3(KM)5 

Where, K is a standardization parameter depending on the geometrical and mechanical properties of the connection, C1, C2 and C3 are curve-
fitting constants.  

The standardization constant K for each connection type and the curve-fitting constants C1, C2 and C3 are summarized in Table 3. Also, the size 
parameters for various connection types of the Frye-Morris polynomial model are shown in Figure 11.     

Table 3. Curve-fitting constants and standardization constants for Frye-Morris polynomial model  
(all size parameters are in centimeters) 

Connection types Curve-fitting constants Standardization constants 

Single web-angle  
connection 

C1 = 1.67 × 10−0 
C2 = 8.56 × 10−2 
C3 = 1.35 × 10−3 

 𝐾𝐾 = 𝑑𝑑𝑎𝑎−2.4𝑡𝑡𝑎𝑎−1.81𝑔𝑔0.15 
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Double web-angle  
connection 

C1 = 1.43 × 10−1 
C2 = 6.79 × 101 
C3 = 4.09 × 105 

𝐾𝐾 = 𝑑𝑑𝑎𝑎−2.4𝑡𝑡𝑎𝑎−1.8𝑔𝑔0.15 

Top- and seat-angle  
with double web 
angle connection 

C1 = 1.50 × 10−3  
C2 = 5.60 × 10−3  
C3 = 4.35 × 10−3 

𝐾𝐾 = 𝑑𝑑−1.287𝑡𝑡−1.128𝑑𝑑𝑐𝑐−0.415𝑙𝑙𝑎𝑎−0.694(𝑔𝑔 −  𝑑𝑑𝑏𝑏 2⁄ )1.350 

Top- and seat-angle  
connection 

C1 = 2.59 × 10−1  
C2 = 2.88 × 103  
C3 = 3.31 × 104 

𝐾𝐾 = 𝑑𝑑−1.5𝑡𝑡−0.5𝑑𝑑𝑏𝑏−1.1𝑙𝑙𝑎𝑎−0.7  

Extended end-plate  
connection without  
column stiffeners 

C1 = 8.91 × 10−1  
C2 = −1.20 × 104 C3 = 1.75 
× 108 

𝐾𝐾 = 𝑑𝑑𝑔𝑔−2.4𝑡𝑡𝑝𝑝−0.4𝑑𝑑𝑏𝑏−1.5 

Extended end-plate  
connection with  
column stiffeners 

C1 = 2.60 × 10−1  
C2 = 5.36 × 102  
C3 = 1.31 × 107 

𝐾𝐾 = 𝑑𝑑𝑔𝑔−2.4𝑡𝑡𝑝𝑝−0.6 

Header plate  
connection 

C1 = 6.14 × 10−3  
C2 = 1.08 × 10−3  
C3 = 6.05 × 10−3 

𝐾𝐾 = 𝑡𝑡𝑝𝑝−1.6𝑔𝑔1.6𝑑𝑑𝑝𝑝−2.3𝑡𝑡𝑤𝑤−0.5 

T-stub connection 
C1 = 6.42 × 10−2  
C2 = 1.77 × 102  
C3 = −2.03 × 104 

𝐾𝐾 = 𝑑𝑑−1.5𝑡𝑡−0.5𝑙𝑙𝑡𝑡−0.7𝑑𝑑𝑏𝑏−1.1 

In addition to the connection modeling capabilities, some software tools have in-built or add-on modules for the designing of connections. In 
addition to the consideration of frame behavior, connections analyzed by the commercially available program in frame analysis software are 
designed based on simple empirical rules. However, such tools and modules are currently based on simplified approaches to connections and 
limited to the modeling of full strength behavior. This leads to the false representation of the behavior of a semi-rigid connection and does not 
cater to the design implementation of a partial fixity between beam and column members to represent the semi-rigidity of the connection. 
There is also a limited modeling of the behavior of connections in commonly used software tools for the designing and analysis of steel framed 
structures. In both frame and finite element software, it is common practice to idealize a connection as being either pinned or rigid. However, 
semi-rigid connections are directly in between and have a significant and influencing behavior on the frame action. There is no software 
package which will accurately and correctly model the behavior of connection in general, and semi-rigid in particular and directly look at the 
performance of a semi-rigid frame analysis. The understanding and representation of connection behavior by frame and finite element software 
are crucial to the development of proper and accurate modeling of the connection behavior. The goal herein is to present a review of semi-rigid 
connection design and to prompt discussion in this area to address these deficiencies of current software tools as they relate to semi-rigid 
connections. With the advances in software tools, it is expected that this particular trend will be associated with enhancements in the already 
available software tools, development of more sophisticated and accurate tools, including the development of add-on modules for current widely 
used design software packages; more emphasis in regard to connection modeling and design checking; and development of more user-friendly 
tools and methodologies. In regard to a connection model, it is expected that frame and finite element software will become better calibrated 
with one another and be able to represent a semi-rigid connection more accurately, either as a modeling tool especially for the representation 
of bogies and end plates which compose semi-rigid connections or to minor modifications in either frame or finite element software 
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Figure 11. Size parameters for various connection types of the Frye-Morris polynomial model: (a) single web-angle connection; (b) double web-
angle connection; (c) top- and seat-angle connection with double web-angle; (d) top- and seat-angle connection; (e) extended end-plate 
connection without column stiffener; (f) extended end-plate connection with column stiffener; (g) header plate connection; (h) T-stub 

connection 

 

7.1. Advancements in analytical techniques 

Analysis and design of semi-rigid connections inquiries have been a noteworthy part of examination and improvement exercises for steel 
structures in the course of recent years. Be that as it may, the fact is still remained that they discuss an intriguing part of the full comprehension 
of the conduct of those structure segments. With an ever increasing number of semi-rigid segments being thought about in the outline of 
structures for the possibility of accomplishing particular objectives, as a matter of fact, the effect of the learning has turned out to be spreading 
in a vertical way inside the building space. Therefore, it moves toward becoming wishful to wait and bundle the stream of best in class 
advancements into a current shape that can best advantage the business. The advancements in analytical techniques that have been occurred 
and can be exploited in the comprehension and plan of semi-rigid associations are inspected. The progression in the innovation have brought 
the interested groups into age that is characterized by more noteworthy potential in precision and points of interest. This in like manner 
empowers more noteworthy requesting to be asked and in the meantime requests more prominent care in the translation and creation of its 
yields. Hence, an audit of the readiness of current assessment systems is made. Nonetheless since the preservation of semi-rigid associations' 
precise portrayal is integral to the improvement of a normal expectation for all load bearing conditions, this side of the dialog is essentially 
constrained with outlining critical building contemplations for the development of analyzable models (Nazari, 2013).  

What's more the steady stream of new standards embraced by the standardization bodies, and either loaded or commended by emerging 
correspondences to the scholarly writing, have raised the regard for the plan contractual worker endeavoring to stay fully informed regarding 
more refined outcomes. This prompts a nearby trade on the understanding of what is these models, both as far as philosophical presumption 
and genuine usage in business beat up exercises. Some essential recognition about the check of the result from the regularized systems by 
method for address fortitude testing is likewise included. Aside deceitful reverting appropriate thoughtfulness to the standards themselves, 
this is offer in conversation configurations produced between academe and industry agents. However, with recurring up interaction, it is 
generally clear in which bearing the determinations for the semi-rigidity segment in an association must head for the harmonious and 
conservative outline. Utilizing the information thus independently previews the more essential of these contemplations. At that point, after a 
concise outline of what is the cutting edges of best practice in the establishment of those contemplations, attention is given to favoring a 
quantitative way to deal with the contemplation by introducing a scope of key limb data and clarifications that might be of more immediate 
pertinence for the architect. This understandably does not involve that such models might be implausibly utilized variously to the building 
purpose only that they might be liable to embodiment within privately accessible software. On the other hand, the likelihood that the modeling 
generated for the application to an arrangement of testables, which have ascended in flow connection with recently gathered structures from 
an industrial member, is insufficient to pass beyond the woeful technical apprehension that taints to subsist regarding even the most complex 
connections. This document is wide, 36 pages, but it is presented under 28 sections, all of them with a height header and with an amplitude to 
be revised in the further. In this way, it is grudgingly trusting that it may offer a helpful reference for those wishing to dwarf such limits. 
Concise, out nevertheless to complete to study, it is an analytical overview of most of the chief issues that must be contemplated in modeling 
the panache of a semi rigid congregations at a stage in linking a column, i. e. when attempting to use it as a reliance partial rigidity parameters 
in design studies. 

7.2. Innovative and emerging materials and cutting-edge technologies 

Due to the increase in structural height and the pursuit of lighter and more transparent structures, novel materials with excellent mechanical 
and property performance and new technologies and construction methods are being developed. For the improvement in the performance of 
basic structure, high-strength steels and their composite will be used more widely. Composites are formed by the combination of two or more 
different materials, and their performance is better than that of the single material. For example, by combining ordinary steel tubing with steel 
plates that behave in a plastic manner, a composite column that resolves the problem of web distortion and plastic hinge formation has been 
developed, which is more excellent in terms of the balance with the yield deformation capacity. High-strength steels are also expected to be 
more widely used in construction applications. By integrating ultra-fine fibers or anti-corrosion materials with steel, the productivity and high 
corrosion resistance that have been difficult until now are secured. In the future, various forms of composites manufactured using a variety of 
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materials, such as synthetics, concrete, timbers, and ceramic materials as well as steels, are expected to be developed and put into practical use; 
research on the behavior of connections will therefore become even more essential. 

The joining methods suitable for maintenance and repair by the robot group developed by the processing of the external shape of the pipe and 
the appending device given three-dimensionally to the pipe. Applicable to all kinds of pipes, and connection processes can be connected at same 
time. By automation, clearly connected without welding and have similar strength with tube body. In the joint only one additional mechanical 
part is needed. Connection method so the internal and external shape of the tube is pure. With this method, the internal pressure distribution 
is uniform when the tube is pressurized, and the external pressure also has hinge effect can be used as the basic stiffness, can be used as the 
basic stiffness of the semi-rigid joints. Efforts should therefore be made to apply the proposed methodology to analyze the beam-to-column 
connections of real semi-rigid frames. In real frames, many factors may be combined to affect the behavior of the connection. 

8. Conclusion 

This study focuses on the behaviour and design of semi-rigid connections in modern steel structures. Semi-rigid connections, which bridge the 
gap between pinned and fully rigid connections, have a significant influence on the structural performance of steel frames. Also, through 
different analysis and design methods, it has been shown that semi-rigid connections provide a more realistic representation of actual joint 
performance and offer a balanced approach between strength and flexibility—unlike fully rigid or pinned connection types, which often lead to 
inaccurate estimations of structural behavior. 

Furthermore, this approach results in better material usage, reduced weight, and potentially lower costs in both fabrication and construction, 
while maintaining safety and serviceability. Design codes and structural analysis methods should continue to evolve to better integrate semi-
rigid connection models, promoting safer and more optimized structural systems. 

In this study, the importance of moment-rotation relationships and the need for accurate characterization of connection behavior have been 
emphasized. As a result, future research should focus on refining experimental models, enhancing the predictive accuracy of connection 
behavior under dynamic and extreme loads, and developing standardized design codes that fully integrate semi-rigid behavior. 
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