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Abstract 

Based on the observations from previous earthquakes, brittle failure poses a 

significant threat to the integrity of steel-concrete composite moment-resisting 

frames (MRFs). Hence, there has been successful research in developing fuse 

strategies that cluster deformation demand away from the column face well within 

the beam. However, this approach involves the extensive intervention of the 

column and provision of stocky supplemental plates on flanges and the web, 

making retrofitting of structures complex, particularly if they were not designed 

with full consideration of capacity design principles. An alternative approach is to 

use reduced web section (RWS) connections. These rely on perforations made 

on the beam’s web rather than flange trimming or the use of supplemental plates 

to increase moment capacity at the column’s face. In particular, it is easier to cut 

through webs than remove floors to intervene on beam flanges.  

Limited attention has been paid to the response of RWS connections with 

composite slabs subjected to cyclic loads. The presence of composite action over 

the protected zone has raised concerns about jeopardising the concept of a 

strong column-weak beam and, thereby, causing an asymmetric yield moment 

mechanism. The former can lead to weak column (story mechanism) and large 

panel zone yielding, while the latter can induce excessive strain demands on the 

beam’s bottom flange. The response mechanism of RWS connections, acting as 

two partial beams above and below the opening (top and bottom Tee-sections), 

induces four plastic hinges around the web opening (Vierendeel mechanism). 

This mechanism can overcome the aforementioned concerns.  

The results of experimental and numerical investigations in this research, along 

with the compiled and extrapolated findings from the literature, were used to 

assess the cyclic response of RWS connections. This thesis advocates the 

application of RWS connections in both new seismic-resistant structures and the 

retrofitting of non-seismically designed structures. The research findings 

demonstrate the effectiveness of the capacity design concept in achieving the 

expected ductile response of RWS connections with overlaid slabs. The inelastic 

demands and slab cracking were alleviated by eliminating composite interaction 

over the protected zone without compromising the beam’s stability. The test 

results suggest that RWS connections could be a viable seismic fuse solution for 

existing and new structures. The experimental and numerical findings established 

the ability of steel-concrete composite RWS connections to meet the response 

requirements set by ANSI/AISC 358-16, ANSI/AISC 341-16 and Eurocode 8. 

These include achieving an inter-storey drift larger than 4% with strength 

degradation of less than 20% of the beam’s plastic moment capacity and cap 
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shear transfer to non-ductile components of the connections. This was attributed 

to a highly ductile Vierendeel mechanism that led to an increase in the 

deformability and ductility of the reduced sections as well as the connections. The 

analysis of the collected RWS database supports the findings of both 

experimental and numerical investigations in this research, in which the current 

design approaches of RWS connections for seismic purposes overlooked the 

significant effect of a capacity design to ensure a stable yield mechanism is 

governed. 
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Chapter 1  

Introduction 

1.1 Research background and motivation 

Recent efforts have been made to update European standards to develop seismic 

prequalification procedures for steel beam-to-column connections 

(EQUALJOINTS, 2017). Nonetheless, challenges persist regarding the presence 

of composite interaction over the protected zone. Current seismic design 

practices emphasise the importance of decoupling the slab from the beam in 

these zones and preventing structural continuity between the slab and the column 

(Sumner and Murray, 2002; CEN, 2005d; ANSI/AISC 341-16, 2016). Aiming to 

reduce uncertainties that could affect the capacity design hierarchy of beam-to-

column connections. However, their application is challenging, especially in 

existing buildings where composite action is crucial for supporting gravity loads 

and preventing damage from sagging moments (see Figure 1.1). Furthermore, 

the composite slab acts as a diaphragm to distribute the seismic loads throughout 

the structure, contributing to the overall stability of the steel-concrete composite 

moment-resisting frames (MRFs). 

 

 

 

Figure 1.1: Beam–slab interaction: (a) sagging moments; 
(b) hogging moments (Gioncu and Mazzolani, 2013). 
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In seismic events, this mandatory composite interaction can lead to a soft story 

collapse mechanism (see Figure 1.2) despite adherence to capacity design 

principles (ANSI/AISC 341-16, 2016; Jisr, 2022). Moreover, the presence of 

composite action over the protected zone can cause an asymmetric yield moment 

mechanism (Figure 1.3), compromising the concept of strong column, strong 

connection and weak beam. Increased yielding moment capacity further places 

higher strength demands on elements outside the protected zone, causing a 

failure of welds and bolts in endplates and fracture at the beam bottom flange 

even in the well-known reduced beam section (RBS) connections (Chen and 

Chao, 2001; Sumner, 2003; Lee et al., 2016) As part of the strong connection-

weak beam strategy, a Reduced Web Section (RWS) connection emerges as a 

promising solution in this context, acting as a ductile fuse and economically 

addressing the limitations of traditional connections.  

 

 

 

 

 

Figure 1.2: Story Mechanism (Hamburger and Malley, 
2009). 

Figure 1.3: Asymmetrical yield moment mechanism (Sumner, 2003; Lee et 

al., 2016). 
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RWS connections have demonstrated acceptable behaviour under different types 

of loading with a most promising and straightforward choice that requires only 

one perforation within a beam web without removing the concrete slab (see 

Figure1.4) (Yang et al., 2009; Tsavdaridis et al., 2014; Shin et al., 2017b; Shin et 

al., 2017a; Shaheen et al., 2018; Zhang et al., 2019; Erfani et al., 2020; 

Davarpanah et al., 2020a; Du et al., 2021; Tsavdaridis et al., 2021; Jia et al., 

2021; Lin et al., 2021; Dong et al., 2021; Bi et al., 2021; Tabar et al., 2022). Thus, 

it could be an economic benefit in terms of both manufacture, usage, and seismic 

retrofit while limiting out-of-plane instability found in RBS connections and 

protecting non-ductile elements (Tsavdaridis et al., 2014). The concept of RWS 

connections as ductile fuses is derived from the development of a Vierendeel 

mechanism by localising the failure to the yielding and buckling of the Tee-

sections within the web opening while keeping other members of MRFs in an 

elastic state. Optimising the size and location of the web opening is essential for 

triggering such a mechanism. The studies above have explored various ranges, 

with web opening sizes from 0.5 to 0.8 of the depth of the beam (𝒉) and locations 

from 0.5𝒉 to 1.74𝒉 from the column face. While there was no consensus on a 

single ideal configuration, a larger opening closer to the column face tends to 

induce the Vierendeel and strong-column weak-beam mechanisms. 

 

 

 

RWS connections act as two partial beams above and below the opening (i.e., 

top and bottom Tee-sections), as illustrated in Figure 1.5. The top Tee-section is 

the composite section, where the bottom one is the bare steel section. When the 

applied load goes upward at the high moment side (HMS), the web of the top 

Tee-section undergoes tension, while the flange-web of the top Tee-section 

exhibits compression at HMS (see Figures 1.6a and 1.7). Under the same 

conditions, the web of the bottom Tee-section will experience compression while 

Figure 1.4: RWS connection (Tsavdaridis et al., 2021). 
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the flange-web and the bottom Tee-section will be under tension at the low 

moment side (LMS). Such behaviour can induce local yielding at the web of the 

top composite Tee-section and the flange-web of the bottom bare steel Tee-

section. This early local yielding results in stretching the opening and local 

buckling of flanges. Both indicate the formation of the Vierendeel (ductile) 

mechanism, which becomes the dominant mechanism rather than simple shear 

failure at the web opening due to the redistribution of the global actions. Thus, 

the effect of the asymmetric yield mechanism is alleviated, and a seismic fuse is 

developed at a reduced section.  

 

 

 

 

 

Figure 1.5: Tee-sections of the perforated beam (two partial beams). 

Figure 1.6: High and low moment sides. 

a) Cantilever configuration. b) Frame configuration 

Figure 1.7: Axial forces at opening. 
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1.2 Problem statement and research objectives 

The previous section suggests that the presence of composite interaction over 

the protected zone profoundly affects the overall steel MRF seismic stability due 

to the asymmetric yield effects. By focusing on the unique response mechanism 

of RWS connections, this thesis aims to advocate for utilising RWS connections 

as an alternative to traditional seismic fuses, often complex retrofitting strategies. 

The research employs a comprehensive study through the combination of 

experimental and numerical methods, along with the development of a database 

that combines empirical data from the literature and this research. This approach 

seeks to contribute significantly to seismic design practices by optimising RWS 

connections to control the extent of damage in composite steel-concrete 

connections. Given the above, the research objectives of this thesis are 

summarised as follows: 

• Perform experimental tests to examine how composite action influences 

the cyclic behaviour of RWS connections, aiming to augment available 

data. 

• Uncover the phenomena that govern the behaviour of composite RWS 

connections when subjected to cyclic actions by using adaptable but 

detailed finite element modelling (FEM).  

• Conduct comprehensive parametric assessments to extend the 

observations on the experimental results. 

• Compile test and FEA databases from this research and existing literature 

to assess the capacity design ratio effect and the applicability of SCI P355 

guidance (Lawson and Hicks, 2011), thereby promoting the use of RWS 

connections in MRFs in seismic areas. 

1.3 Methodology 

1.3.1 Necessity of numerical investigations 

Numerical investigations are integral to this research, serving multiple vital roles. 

Primarily, they provide essential preliminary insights that guide the experimental 

testing of RWS connections. These insights help to hypothesise and predict 

behaviours, which is crucial for planning practical physical experiments. 

Additionally, numerical analysis is invaluable for its efficiency and cost-

effectiveness. It allows for the exploration and comparison of various parameters 

across different specimens, which would be impractical or prohibitively expensive 

to test physically. This aspect is particularly significant given the research's focus 

on a less-explored area - the interaction between RWS connections and overlying 



6 
 

slabs. Furthermore, a numerical investigation was employed to validate the 

experimental tests conducted in this research. This validation paves the way for 

further parametric studies exploring the influence of critical parameters governing 

the behaviour of RWS connections. 

1.3.2 Experimental investigation 

Based on preliminary investigations, an experimental campaign was conducted 

to explore the cyclic response of composite RWS connections. This investigation 

fills a gap in existing research by providing empirical evidence on how the 

presence or absence of shear studs over the web opening, a novel aspect of this 

research, affects the seismic performance of these connections. The 

experimental results are not just a reinforcement of existing theories but a crucial 

step towards developing more resilient seismic designs in steel-concrete 

composite structures. This approach also offers practical insights for employing 

RWS connection designs in both new constructions and retrofitting projects, 

contributing to a deeper understanding in a field where such focused 

experimental data is currently limited. 

1.3.3 Desk Study and Analytical work 

Over the past decade, there has been a strong push toward the development of 

robust guidance and numerical models and acceptance criteria for the design and 

promotion of the use of RWS connections in MRFs in areas predisposed to 

seismic events (Tsavdaridis and D’Mello, 2012; Tsavdaridis et al., 2014; Akrami 

and Erfani, 2015; Tsavdaridis et al., 2017; Erfani and Akrami, 2017; Erfani and 

Akrami, 2019; Erfani et al., 2020; Tsavdaridis et al., 2021). However, limited 

experimental tests on RWS connections are available to synthesise or evaluate 

the robustness of design guidelines and existing numerical models. Several 

researchers have presented different models to predict the responses of 

unstiffened and stiffened BEEP connections as well as RBS connections, as 

demonstrated by Ding and Elkady (2023). These can be categorised as analytical 

(e.g. the yield line method), mechanical (e.g., Eurocode 3 component method 

(CEN, 2005b)), or empirical (regression analysis for experimental and/or FE 

simulation data) (Ding and Elkady, 2023). Due to the complexity and lengthy 

procedures of analytical and mechanical models, empirical models are 

favourable among practising engineers and researchers (BCSA/SCI, 2013; 

D’Alessandro et al., 2018; Terracciano et al., 2018; Ding and Elkady, 2023). Thus, 

an empirical study was employed by developing a database on bare steel and 

steel-concrete composite RWS connections from the literature and this research. 

This database aids in verifying the assumptions and observations made during 
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the numerical and experimental investigations. Such a database is valuable for 

researchers and engineers as it allows them to refine the existing models and 

contribute to developing and validating design codes and standards. 

1.4 Thesis outline 

The thesis consists of seven chapters briefly summarised in the following 

subsections and as illustrated in Figure 1.8:  

Chapter 2: Literature Review 

Chapter 2 reviews the past and recent experimental and numerical investigations 

related to the research and the relevant design codes of practice. 

Chapter 3: Preliminary Finite Element Analysis (FEA) 

This chapter showcases the development of numerical validated models that 

replicated the findings of an experimental investigation performed in beams 

without perforations (Chaudhari, 2017; Chaudhari et al., 2019). After its 

benchmarking, a numerical parametric investigation was presented to uncover 

the effects of interactions arising between slabs and overlaid RWS connections. 

Aiming to explore the untapped potential of utilising RWS-slab composite 

structural systems with European beam and column sections in seismic areas. 

The parameters included the presence and absence of composite interaction 

over the web opening, along with the size and location of the web opening. 

Chapter 4: Experimental Investigation 

Chapter 4 introduces an experimental test of demountable steel-concrete 

composite bolted RWS connections. Aiming to verify the findings of the 

preliminary FEA in Chapter 3 in terms of i) the suitability of using such 

connections as seismic fuses for existing and new buildings and ii) the positive 

effect of the capacity design principle. Four composite connection specimens 

were subjected to sagging and hogging moments to investigate the response of 

RWS connections under reversible actions. A single circular opening with a 

diameter equal to 0.8 times the beam’s depth was fabricated near the beam-

column joint. Two different parameters were investigated, namely the effect of the 

web opening location and the presence or absence of bolted shear studs over 

the protected zone. The assessment of retrofitted connections was also 

examined by creating a web opening of the solid-webbed specimen after 

exposing it to cyclic actions representing moderate seismicity. This chapter 

presents an overview of experimental works, the design overview, test specimen 

details, material properties, test set-up, instrumentation and the interpretation of 

the test results, as well as the test observations and results. 
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Chapter 5: Parametric Assessments 

This chapter investigates the cyclic behaviour of demountable steel-concrete 

composite RWS connections. To enhance understanding, a high-fidelity finite 

element (FE) model was developed following experimental studies, focusing on 

parameters including the presence of composite action over the web opening, 

diameter, and the end-distance of the web opening. The study encompasses 285 

FE models. The assessment of response characteristics of such connections 

follows the Ibaraa-Medina-Krawinkler (IMK) model, considering aspects such as 

stiffness, strength, ductility, and reinforced concrete slab contribution. 

Chapter 6: Capacity Design Assessments 

The focus of this chapter is to compile experimental and numerical databases 

developed within this PhD research and existing literature for assessing the 

capacity design ratio on the response of the RWS connections. A gap in current 

design approaches demands explicitly introducing a capacity design approach 

when designing RWS connections. This chapter presents two main databases to 

identify similar trends.  

The first database consists of the following: 

1. The results of the parametric numerical investigation are presented in 

Chapter 5. 

2. The benchmarked finite element (FE) models constructed and validated in 

Chapter 3 were utilised for further parametric investigation considering the 

New Zealand section profiles. The goal is to expand the database with a 

wider range of steel sections. 

The second database was compiled and derived from experimental and 

numerical non-dimensionalised results in existing literature, along with results 

from Chapter 3.  

Chapter 7: Conclusions 

A summary and set of conclusions drawn from the research study are presented 

in this chapter. Recommendations and suggestions for future work are also 

discussed. 
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Figure 1.8: Flow diagram to illustrate the research methods. 
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Chapter 2  

Literature Review 

2.1 Introduction 

The literature review comprises five main sections: (1) structural behaviour of 

seismic moment connection; (2) review of prior research on seismic connections; 

(3) the relevant design codes of practice; (4) structural behaviours and failure 

modes of web opening regions; and (4) a review of reduced web section (RWS) 

connections. The main objective of this chapter is to identify gaps in the 

knowledge regarding the seismic performance of prequalified seismic-resistant 

and RWS connections and highlight the required research to address them.  

2.2 Structural behaviour of seismic moment connection 

2.2.1 Steel connection characterisation 

A good balance between stiffness, strength, and ductility among members, as 

well as connections and supports of steel moment-resisting frames (MRFs), is 

critical when characterising a well-designed earthquake-resilient structure. Steel 

MRFs are highly dependent on the seismic behaviour of the beam-to-column 

connections. Consequently, any appropriate assessment of the MRFs’ seismic 

performance necessitates a detailed understanding of beam-to-column 

connections' stiffness, strength and ductility properties. In this context, it is worth 

noting that, at the beam-to-column connection level, ductility is often referred to 

as rotational capacity. 

Traditionally, steel MRF design connections are pinned or fully rigid to simplify 

the analysis and design processes. However, this leads to the inability to obtain 

a detailed understanding of the behaviour of the connection in terms of stiffness 

(Díaz et al., 2011; Liu et al., 2016). In practice, most connections transfer some 

moments and have some rotation. The term ‘semi-rigid’ is now frequently used to 

define the structural response of connections between these two extremes, as 

shown in Figure 2.1. According to Eurocode 3 Part 1-8, connections can be 

classified based on their initial rotational stiffness in relation to the elastic stiffness 

of the connected beam (see Figure 2.2). In unbraced frames (i.e., MRFs), a 

connection's stiffness is classified as semi-rigid if its initial stiffness (𝑺𝒋,𝒊𝒏𝒊,𝑬𝑪𝟑) falls 

between 0.5 𝑬𝒃𝑰𝒃 𝑳𝒃⁄  and  𝒌𝒃 𝑬𝒃𝑰𝒃 𝑳𝒃⁄ . Where 𝒌𝒃 is equal to 25 for MRFs; 𝑬𝒃 

represents the measured steel beam elastic modulus; 𝑰𝒃 is the beam moment of 

inertia about the section’s major axis; and 𝑳𝒃 is the beam length between column 

centerlines. 
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Regarding the strength classification, depending on the contribution of each joint 

component to the plastic failure mechanisms, a connection could be designed as 

full, equal (balanced), or partial-strength, with or without yielding of the web panel. 

A full-strength connection can transfer the full plastic moment of the connected 

beams without plastic deformations within it. In a partial-strength connection, 

plastic deformations occur in the connection before full plastification of the 

connected beam (Landolfo et al., 2010). An equal-strength falls into the category 

of partial-strength according to the current Eurocode 3: Part 1-8 (CEN, 2005b; 

D’Aniello et al., 2023). In the new generation of Eurocodes, equal-strength 

connections are balanced strength, where the plastic deformations in the 

connection (e.g., end-plate) and the beam are concurrent (D’Aniello et al., 2023). 

The connection classification can also be based on ductility, a characteristic that 

significantly influences the seismic behaviour of the connection. In Eurocode 3: 

Part 1-8 (CEN, 2005b), ductility is not explicitly specified but instead defined from 

the geometric and mechanical properties of the connection components. 

Figure 2.1: Connection types according to their behaviour (a) pinned; 
(b) rigid; and (c) semi-rigid (Díaz, Martí, et al., 2011). 

Figure 2.2: Classification of steel connections by rotational stiffness 
according to Eurocode 3: Part 1-8 (CEN, 2005b). 
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However, the approach of Eurocode 8 Part 1 (CEN, 2005d) involves ductility by 

giving the option to select different ductility levels for a structure by providing 

different ductility classes. This forms the basis for introducing ductility classes 

and applying behaviour factor 𝒒, as elaborated in clause 2.2.2(2). Selecting one 

ductility class over another directly impacts the design process. For example, a 

ductility class has direct consequences on the value of behaviour factor 𝒒, 

specific detailing and design requirements for all structural materials, and relevant 

types of structures as well (Landolfo et al., 2017). 

2.2.2 Plastic mechanism under cyclic loading 

The main concept of the component method coded in Eurocode 3: Part 1-8 (CEN, 

2005b) is that the weakest component's behaviour governs the joint's overall 

behaviour. The joint components may be classified in terms of ductility, as shown 

in Figure 2.3. Since the main aim of seismic design is to eliminate the brittle 

fracture, a sufficient deformation capacity must be provided to endure the 

specified ground motion intensity with a low probability of collapse. Hence, a high 

degree of ductility is required in steel MRFs to ensure satisfactory seismic 

behaviour.  

 

 

Although steel is a ductile material, that does not guarantee the ductile behaviour 

of the structure. This is attributed to the different plastic failure mechanisms 

manifesting in steel MRF systems. These mechanisms depend on the relative 

strengths of beams, connections (i.e. end-plates), and columns (including panel 

zones) framing into a joint. These components of a joint can dissipate hysteretic 

energy through cyclic plastic deformations, providing that fragile failure of bolts 

and welding is impeded (Tartaglia, D’Aniello, Rassati, et al., 2018; Mou et al., 

2019; Landolfo, 2022; D’Aniello et al., 2023).  

Figure 2.3: Ductile and brittle collapse (Gioncu and Mazzolani, 2013). 
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Steel MRFs derive their ductility through one or a combination of the following: 

plastic hinge formation in beams away from the beam-to-column connections, 

limited shear deformation in the panel zone or limited plastic deformation in the 

columns and their bases, as displayed in Figure 2.4a (Gioncu, 2000; FEMA 350, 

2000). The plastic hinges are generally preferable to be formed in a beam at a 

distance from the column/connection face. This helps the columns and beam-to-

column connections (i.e. the end-plate) to remain elastic before the formation of 

plastic hinges in the beams (FEMA 350, 2000) which is the strong-column-weak-

beam concept. Adoption of this framework allows avoidance of the following 

undesirable behaviours (Hamburger and Malley, 2009), namely: 

i) storey mechanism (Figure 2.5), which leads to instability and the collapse 

of the whole structure; and, 

ii) high stress and strain demand on the connection, which leads to brittle 

damage. 

 
Figure 2.4: Plastic collapse mechanism (Gioncu, 2000). 
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However, the beam-ends, where plastic deformations favourably form during an 

earthquake, are connected to the node zone, which consists of the joint 

components as shown in Figure 2.4c. Thus, the local plastic deformations in the 

MRFs could be localised not only at the member ends (i.e., beam and/or column 

end) but also at joints or both member ends and joints, as illustrated in Figure 

2.4b (Gioncu, 2000). To this end, capacity design and ductility design employ a 

combination of i) components with high strength and ii) components with high 

plastic deformation capacity to optimise the response of the MRF. This approach 

involves linking a favourable failure mechanism to a responsible component to 

provide the needed hysteretic energy dissipation. Other elements with 

comparable strength are then protected to ensure elastic behaviour.  

Under reversals of seismic loading, the sagging moment causes buckling of the 

beam's upper flange, while the hogging moment causes buckling of the beam's 

lower flange, as illustrated in Figure 2.6a. The buckled flanges will be 

straightened in subsequent cycles due to load reversal. This process will continue 

the same way until the applied actions cannot straighten the buckled beam 

flanges (Gioncu and Mazzolani, 2013). Consequently, the beam section will work 

with an introduced geometrical imperfection at the start of each cycle. Moreover, 

the accumulation of plastic deformations in the buckled flanges will make buckling 

and extensive deformation more likely (Gioncu and Mazzolani, 2013). Regardless 

of engaging strain-hardening in the steel, in Figure 2.6b, there is a net fallout in 

the strength and stiffness of the connected beam due to extensive local buckling.  

Figure 2.5: Soft-story collapse mechanism 
(Lignos et al., 2013). 
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Such behaviour is the strong-column-weak-beam concept, which is an 

application of the capacity design method wherein beam yielding is generally 

preferable to be the primary dissipative element in MRFs. It can be achieved by 

strengthening the connections or weakening the beam at specific locations away 

from the column face. Weakening the beam instead of strengthening the 

connections has proved to be the more cost-effective solution. The strong 

column-weak beam concept can be achieved by using different types of seismic 

connections, as shown in Figure 2.7. Amongst these are extended end-plate 

connections and the well-known reduced beam section (RBS) connections, which 

have proven their ability to enhance the seismic performance of connections 

while enabling the formation of plastic hinges within the beam.  

 

Figure 2.6: Plastic mechanism at the beam (Gioncu and Mazzolani, 
2013). 
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Such connections were a part of the prequalification campaign after the 1994 

Northridge and 1995 Kobe earthquakes. This prequalification campaign was 

carried out due to the challenge of the perception that the structural damage of 

the steel-concrete composite MRFs would be confined to protected zones, which 

are locations where yielding is encouraged, leading to the development of 

structural fuses. The damage arose in the form of brittle fractures of traditional 

beam-to-column, welded flange-bolted web connections in buildings with a 

number of floors ranging from one to twenty-six. Even this phenomenon was 

observed in areas that experienced only moderate ground shaking (see Figure 

2.8) (FEMA 350, 2000; FEMA 355E, 2000).  

 

 

Four-bolt 

unstiffened (4E) 

Four-bolt 

stiffened (4ES) 

Eight-bolt 

unstiffened (8ES) 

Reduced web 

section (RBS) 

Figure 2.7: Prequalified seismic connections (ANSI/AISC 358-16, 2016). 

Figure 2.8: Fractures of Beam-to-Column Connections (FEMA 
350, 2000; FEMA 355E, 2000). 

a) Fracture at fused zone. b) Column flange fracture. 

c) Fractures through column 

flange. 

d) Fracture progresses into 

column web. 
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These brittle fractures in steel-concrete composite MRFs were generally due to 

the excessive strain demands on the bottom flange as a result of the composite 

slab, which might be several times larger than one fabricated with bare steel, 

causing a higher potential of such failure (Uang et al., 2000; Kim et al., 2004). 

Therefore, proper assessments should be made to avoid fragile behaviour, like 

the strong-beam-weak-column mechanism. This could be a dominant 

mechanism if the contribution of the composite slab is neglected in the design 

process (Roeder, 2002). Although no steel MRFs collapsed during the Northridge 

earthquake, expensive repair costs and time-consuming processes were incurred 

to fix the brittle fractures of beam-to-column connections (Bruneau et al., 2011). 

Consequently, a great deal of research has been undertaken to understand and 

enhance the seismic performance and design of steel-concrete composite MRFs 

since these disruptive events.  

SAC Joint Venture conducted a campaign with the participation of the American 

Institute of Steel Construction (AISC) and other industry groups funded by the 

Federal Emergency Management Agency (FEMA) (ANSI/AISC 358-16, 2016). 

Consequently, this campaign led to improved AISC seismic provisions and the 

development of new seismic design criteria for beam-to-column connections that 

favour prequalification. Prequalification involves testing in real-scale prototypes 

to identify their failure mechanisms and assess their capacity to accommodate 

inter-story drifts without compromising the capacity to endure vertical structural 

demands. Now, this framework is being adopted in Europe, leading to the 

EQUALJOINTS and EQUALJOINTS-Plus projects. They aim to seismically 

prequalify a set of steel beam-to-column joints with different connections, 

including bolted unstiffened and stiffened extended end-plate connections 

(EQUALJOINTS, 2017). 

2.2.3 Research studies on prequalified seismic connections 

Two seismic connections are mainly reviewed herein:- extended end-plate 

connections and steel-concrete composite RBS connections. Extended end-plate 

connections have been reviewed, as such connection types have been used with 

RWS in this thesis due to the popularity of extended end-plate connections as 

moment connections in Europe and seismic and wind active zones. The review 

of steel-concrete composite RBS connections arises because of the similarity 

between RWS and RBS connections in terms of the strong-column weak-beam 

concept (i.e., a seismic fuse). Also, other types of seismic moment connections 

have been reviewed to understand the impacts of the composite interactions over 

the plastic zone.  
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Generally, there are three configurations of extended end-plate moment 

connections in ANSI/AISC 358-16 (2016), as shown in Figure 2.7. They are shop-

welded to the beam and then bolted to the column flange in situ. Several failure 

modes control the behaviour of this connection type, including flexural yielding of 

the beam section, flexural yielding of the end-plates, yielding of the column 

flange, tension and shear rupture of the end-plate bolts as displayed in Figure 2.9 

(ANSI/AISC 358-16, 2016). Since the rotational capacity is a key factor in the 

ductility of structures in seismic areas, the rotational capacity of such connections 

is mainly controlled by the flexural yielding extended end-plate and the column 

flange and by elongation of the bolts (D’Aniello et al., 2017). 

 

 

 

Many researchers have conducted experimental and finite element (FE) studies 

to investigate the behaviour of stiffened and unstiffened extended end-plate 

connections under monotonic and cyclic loads (Ghobarah et al., 1990; Korol et 

al., 1990; Bernuzzi et al., 1996; Guo et al., 2006; Augusto et al., 2017; Tartaglia, 

D’Aniello and Landolfo, 2018; ElSabbagh et al., 2019). All have concluded that 

unstiffened extended end-plate connections can exhibit satisfactory seismic 

performance if they are properly designed and detailed. They have found that the 

ductility can be enhanced by using stiffened extended end-plate connections.  

Sumner et al. (2000) conducted a series of tests on the four-bolt extended 

unstiffened and the eight-bolt extended stiffened moment end-plate connections 

as a part of the SAC Steel Project. One test was an interior steel-concrete 

composite extended end-plate connection consisting of two main beams 

connected to a single column in a cruciform. Their results show that the extended 

end-plate connections exhibited good performance under cyclic loading in terms 

Figure 2.9: T-stub failure modes. 
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of ductility, rotation capacity and energy dissipation (see Figure 2.10). In the 

composite test, despite the concrete slab having positive effects in terms of 

providing lateral stability to the connected beam, the response was not as 

expected, as local buckling of the beam bottom flanges occurred. As the loading 

cycles continued, the composite slab maintained its contribution to the overall 

strength of the connection. As a result, the bottom bolts of the connection failed 

in tension without yielding or separation of the end-plate before failure as shown 

in Figure 2.11. They recommended that the composite action should be low by 

not placing the shear studs from the column face to 1.5 times the depth of the 

connected beam to reduce the cracking and crushing of the concrete slab around 

the column. Slab reinforcement should also be reduced in the area from the 

column face to twice the depth of the connecting beam. In addition, 13mm of 

compressible expansion joint material should be installed between the slab and 

the column face. 

 

 

 

  

 

Figure 2.10: Four bolt extended unstiffened connection after testing 

(4E-1.25-1.5-24) (Sumner, 2003). 
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Figure 2.11: Composite slab test specimen after 

testing and it load-displacement curve (Sumner 

et al., 2000a). 
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Similar to the SAC Steel Project, an extensive research campaign of 

EQUALJOINTS and EQUALJOINTS-Plus, aimed to develop seismic 

prequalification procedures for seismic steel moment connections, currently 

missing in Eurocode 8 Part 1 (CEN, 2005d), was carried out in Europe 

(EQUALJOINTS, 2017). A set of steel beam-to-column joints that are most used 

in European practice, with different connection types, were included in these 

campaigns. These include unstiffened, haunch- and rib-stiffened bolted extended 

end-plate joints as well as welded RBS. Design procedures for end-plate moment 

connections were developed, experiment tests were conducted, and FE studies 

were employed to evaluate aspects of the design procedures. The findings 

confirmed the consistency of these joints’ behaviour with the adopted capacity 

design criteria in terms of the locations of the expected plastic mechanisms in the 

joint (Figure 2.12). Moreover, the behaviour of the joints complies with both 

qualification criteria in North America (ANSI/AISC 358-16, 2016; ANSI/AISC 341-

16, 2016) and European Eurocode 8 Part 1 (CEN, 2005d). 

 

 

 

Figure 2.12: Yielding regions with grey highlights and capacity design 
requirements for the prequalified joints (Landolfo, 2022). 
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There have been concerns about the detrimental impact of the presence of steel-

concrete composite interactions over the plastic zone with seismic moment 

connections (Figures 2.13 and 2.14) (Chen and Chao, 2001; Kim and Lee, 2017). 

These were attributed to the resulting composite action in jeopardising the 

concept of the strong-column-weak-beam concept. Despite its significant benefits 

in enhancing the beam's strength and stiffness under sagging moments, it 

increases the strain demand in the beam bottom flange near the connection face 

where the plastic hinges are formed. Also, it could lead to the strengthening rather 

than weakening of the beam if the slab contribution is not properly accounted for. 

Previous studies examined the conventional welded steel moment connections 

and RBS connections with high composite action degrees (Chen and Chao, 2001; 

Lee et al., 2016; Kim and Lee, 2017; Shaheen et al., 2018). They concluded that 

the concrete slab and resulting composite action kept contributing to the 

connections’ capacity even when the reinforced concrete slab was cracked and 

crushed. That could lead to the strengthening rather than weakening of the beam 

and the early brittle rupture of the beam’s bottom flange due to the unforeseen 

asymmetric behaviour (Chen and Chao, 2001; Lee et al., 2016; Landolfo et al., 

2017; Shin et al., 2017a; Shaheen et al., 2018). These findings are consistent 

with the findings of Sumner et al. (2000), who conducted a test on an interior 

steel-concrete composite bolted extended end-plate connection as part of the 

SAC Steel Project. Despite the positive effect of the concrete slab in providing 

lateral stability to the connecting beam, the bolt rupture and bottom flange 

buckling were apparent. As stated before, they recommended that the composite 

action should be low by not placing the shear studs in the zone of the beam’s 

plastic hinges and a gap between the concrete slab and column should be 

provided. Thus, understanding the composite action effect on the seismic 

performance of the connections is very important for the erection of new buildings 

and the retrofit of existing buildings. 

 

Figure 2.13: Typical plastic zone of the composite 

RBS specimen tested (Chen and Chao, 2001). 
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Summer and his collaborators (Sumner et al., 2000b; Sumner et al., 2000a) 

studied ways to prevent the undesired coupled beam-slab action near 

connections, finding that the best solution is decoupling their joint action in that 

place while preserving its midspan. This can be accomplished by suppressing 

beam shear studs in the protected zone while allowing for a gap between the 

column and the slab. Laboratory testing has since validated Sumner’s approach 

(Sumner et al., 2000b; Sumner et al., 2000a; Civjan et al., 2000; Civjan et al., 

2001; Jones et al., 2002; Zhang and Ricles, 2006a; Zhang and Ricles, 2006b; 

Lee et al., 2016) and found that damage to the beam is reduced, while structural 

demands outside the protected zone are mitigated, even leading to a significant 

reduction of slab cracking (Lee et al., 2016) (Figure 2.15).  

 

Figure 2.14: Plastic hinge region after completion of testing (Kim and Lee, 

2017). 
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The behaviour of bolted extended end-plate connections under cyclic loading is 

complex due to non-linear interactions among connection components through 

surface contacts and the effect of bolt preload. There are numerous FE studies 

of seismic and non-seismic bolted extended end-plate connections with and 

without steel-concrete composite beams in which the researchers considered 

simplification of the shape of the bolts as rectangular or hexagonal instead of 

circular (Díaz, Victoria, et al., 2011; Mashaly et al., 2011; Lim et al., 2012; 

ElSabbagh et al., 2019). Others considered the reduction of the bolt diameter to 

capture the behaviour of the bolt under monotonic and cyclic loadings (Díaz et 

al., 2011; Morrison et al., 2017). Further simplifications have been made, 

including suppressing the contact interaction between the head and nut of the 

bolt with the plates and tying them to simplify their interactions (Lam and Fu, 

2005; Gil et al., 2013; Tsavdaridis and Papadopoulos, 2016; Elflah et al., 2019; 

Nazaralizadeh et al., 2020). Other techniques used a combination of shell and 

Figure 2.15: Composite RBS connection, before, during 
and after the test (Lee et al., 2016) 



25 
 

solid elements to model the bolted steel beam-to-column joint (Sofias et al., 2014) 

and model each component of the bolted extended end-plate connections in 

detail, including the components’ contact interactions using contact pairs and bolt 

preload (Gerami et al., 2011; Sofias et al., 2014; Morrison et al., 2017; ElSabbagh 

et al., 2019). Some of these studies applied symmetry conditions and used 

different material non-linearities (Figure 2.16).  

 

 

 

Also, there are some cases of steel-concrete composite bolted extended end-

plate connections where bolts and plates are considered to deform monolithically 

(Lam and Fu, 2005; Vasdravellis et al., 2009; Wang, 2010; Gil et al., 2013). Their 

FE results showed a good agreement with experimental tests. The ones that 

simulate steel-concrete composite bolted extended end-plate connections under 

cyclic loading (Chaudhari, 2017; Wang et al., 2018). Wang et al. (Wang et al., 

2018) presented experimental and FE investigations of extended end-plate 

connections with concrete-filled steel tubular columns under push-release 

loading, as shown in Figure 2.17. In Chaudhari (2017), the end-plate and bolts 

were not modelled for the FE validation of all tested specimens. Nevertheless, 

both of these studies demonstrated a good agreement between FE results and 

corresponding experimental tests. 

 

Figure 2.16: Symmetric boundary conditions (ElSabbagh et al., 2019). 
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2.3 Design criteria 

This section presents the main requirements of the relevant design codes of 

practice. It begins with the main design criteria for steel-concrete composite 

seismic connections in Eurocode 8. Unlike US codes, Eurocode 8 is not a 

normative standard design rule that specifies design, detailing, fabrication and 

quality criteria to achieve the required seismic performance for beam-to-column 

joints. Thus, prequalified connections requirements from ANSI/AISC 358-16 

(2016) and FEMA 350 (2000) are used in the absence of direct design guidance 

of connections in EC-8 (Landolfo et al., 2010). 

2.3.1 Eurocode 8  

Eurocode 8-1 requires that MRFs be designed such that the formation of plastic 

hinges resides mainly within beams rather than in columns and connections. To 

avoid unfavourable performance – for instance, the soft story mechanism and 

ensuring the development of the strong-column weak-beam mechanism – 

columns should remain elastic, except at their ends, while plastic failure mode 

should occur in the beams. Hence, the overall ductile behaviour should be 

guaranteed by meeting the following criterion of clause 4.4.2.3(4): 

 

Figure 2.17: Layout of finite element model (Wang et al., 2018). 
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Σ𝑀𝑅𝑐

Σ𝑀𝑅𝑏
 ≥ 1.3 

where: 

Σ𝑀𝑅𝑐  is the sum of design values of the flexural strengths of the columns 

connected to the joint. 

Σ𝑀𝑅𝑏 is the sum of design values of the flexural strengths of the beams 

connected to the joint. 

2.3.1.1 Connections 

In MRFs with beams acting as dissipative elements, connections should be 

designed at full-strength and with a rotation capacity of at least 35mrad (Eurocode 

8-1- 6.6.4(3)). General design rules of non-dissipative connections of dissipative 

elements are provided in Eurocode 8-1- clause 6.5.5. These rules ensure 

sufficient connection overstrength to prevent high local plastic strain within a non-

dissipative connection. This can be satisfied by applying the following equation 

(Eurocode 8-1- 6.5.5(3)): 

𝑅𝑑  ≥ 1.1 ⋅ 𝛾𝑜𝑣 ⋅ 𝑅𝑓𝑦 

Where: 

𝑅𝑑  is the design resistance of non-dissipative welded or bolted 

connections. 

𝑅𝑓𝑦 is the plastic resistance of the connected member. 

𝛾𝑜𝑣  is the overstrength factor = 1.25. 

Following Eurocode 8-1/clause 6.2(9), high-strength bolts of grade 8.8 or 10.9 

should be used in bolted connections of primary seismic members. 

2.3.1.2 Composite beams 

Despite the benefits of the presence of a floor slab diaphragm, such as axial 

forces being negligible in beams and enhancing the stiffness against gravity and 

seismic actions, composite action between the slab and steel beam can impair 

the strong-column weak-beam concept when not properly accounted for. 

Eurocode 8-1 clauses 7.7.5(1)P and 7.7.5(2) state that no shear studs should be 

placed over the plastic hinges area and provide a gap between slab and column 

faces on all sides of the column to avoid overestimating the capacity of the 

structure. 
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2.3.2 American codes 

Seismic provision (ANSI/AISC 341-16, 2016), prequalified connections 

(ANSI/AISC 358-16, 2016) and FEMA 350 (FEMA 350, 2000) were developed by 

the research group SAC Joint Venture to present new seismic design criteria for 

beam-to-column connections. One of the main criteria in the latter two standards 

is the beam span-to-depth ratio. This is due to its significant effect on the inelastic 

behaviour of beam-to-column connections; the increase in member size leads to 

an increase in strain on the connections, which means the connections become 

prone to brittle behaviour (FEMA 350, 2000). Both these standards require that 

the clear span-to-depth ratio of the beam for special steel moment frames should 

be equal to 7 or greater. 

ANSI/AISC 341-16 (2016) adopts a strong-column weak-beam mechanism that 

requires the sum of the design values of the flexural strengths of the columns to 

be higher than that of the beam at each joint. The design procedure of extended 

end-plate connections in ANSI/AISC 358-16 (2016) also aims to design such 

connections to have sufficient strength to ensure the formation of plastic hinges 

within the connected beam. The intent of the design procedure of RBS 

connections in ANSI/AISC 358-16 (2016) and FEMA 350 (2000) is to act as a 

seismic fuse and weaken the beam at a specific location. Both these connections 

satisfy the requirement of strong-column weak-beam in seismic provision 

ANSI/AISC 341-16 (2016). A rotation capacity of a minimum of 0.04 rad is 

recommended for seismic design with no more than 20% strength degradation of 

the connection (ANSI/AISC 341-16, 2016). 

More detailed recommendations regarding the acceptance criteria for allowable 

and permitted rotations of various connection types based on three primary 

performance levels are provided by ASCE/SEI 41-17 (ASCE, 2017). These 

performance levels are Immediate Occupancy (IO), Life Safety (LS) and Collapse 

Prevention (CP), which categorise the connection's ability to withstand 

earthquake forces. Connections are generally classified into two main types 

based on their strength and stiffness: fully and partially restrained. RWS 

connections can be defined as fully restrained connections; they are not explicitly 

mentioned in ASCE/SEI 41-17 (ASCE, 2017).  Table 2.1 presents the acceptance 

criteria for the two aforementioned seismic connection types – Reduced Beam 

Section (RBS) and extended end-plate connections.  
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Table 2.1: Acceptance criteria from ASCE/SEI 41-17 

Connection 
Acceptance criteria 

IO LS CP 

RBS 0.025−0.00015d 0.0525-0.00023d 
0.07-

0.0003d 

Extended end-pale 
(yield of end plate) 

0.010 0.035 0.035 

Note: d is the beam depth 

 

2.4 Structural behaviour and failure modes of perforated beams 

This section outlines the behaviour and failure modes of steel-concrete 

composite and non-composite (bare steel) perforated beams. The similarity in the 

behaviour to RWS connections is the reason for the review. For instance, one of 

the most critical failure modes considered in the design of RWS connections and 

perforated beams is the Vierendeel mechanism (VM) (see Figure 2.18). For this 

reason, understanding the behaviour and influence of the web opening in 

composite and non-composite beams is essential for a better understanding 

RWS connections. Different shapes and numbers of web openings are 

presented, with particular emphasis on single circular web openings. 

 

 

Figure 2.18: Vierendeel Mechanism (Chung et al., 2001; Shaheen 
et al., 2018). 
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Owing to the widespread application of perforated beams, which includes cellular 

beams and beams with web openings, a great deal of research on their behaviour 

and design has been conducted. Cellular beams, manufactured through a 

specific process that involves splitting and re-welding an entire beam in an offset 

position, as shown in Figure 2.19, are contrasted with beams having single web 

openings. The latter, forming the primary focus of this thesis, are created by 

cutting individual openings into an existing beam, as exemplified in Figure 2.20. 

While cellular beams aim for a high strength-to-weight ratio along the entire beam 

length, beams with single web openings are more about accommodating specific 

requirements at particular locations along the beam. The manufacturing process 

for cellular beams leads to a more efficient material distribution for load 

resistance, whereas single web opening beams may require additional 

reinforcement around the openings. 

 

 

 

 

 

 

Figure 2.19: Manufacturing of a cellular beam (Fares et al., 2016). 

Figure 2.20: Laser cutting of web opening (Qiao, Guo, et al., 2022). 



31 
 

The steel-concrete composite perforated section consists of two Tee-sections 

above and below the web opening (Figure 2.21), with the top Tee-section 

comprising the composite slab-beam and the bottom Tee-section being bare 

steel. In Figure 2.21, a composite beam is displayed; the ensuing behaviour is 

equally applicable to steel beams. The applied global bending moment and shear 

force induce three local forces on the concrete slab and perforated steel beam 

(Liu and Chung, 2003). The applied global bending moment is transferred by a 

couple of axial forces in Tee-sections above and below the web opening, as 

illustrated in Figure 2.22. These local axial forces cause a tensile yielding in the 

bottom Tee-section or/and crushing of the concrete slab (Darwin, 2000; Lawson 

and Hicks, 2011). The global shear force is transferred through the opening by a 

couple of local shear forces, creating secondary “Vierendeel” moments in the top 

and bottom Tees (see Figure 2.22). These secondary moments lead to the 

formation of four plastic hinges at the four corners of the web opening, known as 

the VM, as illustrated in Figure 2.18. The VM physically manifests when the steel 

reaches its yield capacity at the Tee-section ends due to the combination of these 

local forces. This mechanism is a ductile failure and is critical in the presence of 

large web openings (Lawson and Hicks, 2011). It is worth mentioning that in the 

presence of a composite slab, VM causes cracking of the concrete slab, as shown 

in Figure 2.23d (Darwin, 2000). This mechanism is critical in the presence of large 

web openings (Lawson and Hicks, 2011). 

 

 

 

Figure 2.21: Tee-sections of the perforated beam. 
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The incorporation of a single web opening introduces three new key failure 

modes, specifically: (1) shear failure because of the reduction in the shear 

capacity, (2) flexural failure because of the reduction in moment capacity, and (3) 

VM (Chung, 2012). These modes are influenced by the web openings' shapes, 

sizes and locations (Darwin, 2000; Tsavdaridis and D’Mello, 2012). Moreover, the 

reduction in load-carrying capacity is dependent on the type of loading, the 

geometry of the beam, and the shear-to-moment interaction at the centreline of 

the web opening, as displayed in Figure 2.23 (Darwin, 1990; Lawson and Hicks, 

2011; Zeytinci et al., 2021). It is observed that both shear failure and the VM may 

coincide around the web opening (Chung et al., 2003; Lagaros et al., 2008). Such 

failure modes of the perforated beam could be controlled by adjusting the web 

opening location and size (critical length for rectangular and elliptical web opening 

shapes) (Liu and Chung, 2003; Chung et al., 2003; Lagaros et al., 2008; Yang et 

Figure 2.22: Global moment and shear forces around the web opening 

Figure 2.23: Failure modes at web openings, (a) steel beam, pure 
bending, (b) steel beam, low moment-shear ratio, (c) composite beam 
with solid slab, pure bending, and (d) composite beam with solid slab, 

low moment-shear ratio (Darwin, 1990). 
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al., 2009; Tsavdaridis and D’Mello, 2012; Tsavdaridis et al., 2017; Erfani and 

Akrami, 2017; Shaheen et al., 2018).  

In the design of the beam with a single web opening, the primary procedure 

involves assessing the moment and shear capacities at the web opening, in 

addition to the Vierendeel moment (Chung et al., 2001; Lawson and Hicks, 2011; 

Chung, 2012). The presence of a concrete slab can enhance Vierendeel bending 

resistance due to the local composite action between the top steel Tee-section 

and the concrete slab (Lawson and Hicks, 2011; Fares et al., 2016). However, 

major cracks can occur due to vertical deflection between two ends of the web 

opening, as shown in Figure 2.24. These can lead to a significant reduction in the 

load-carrying capacity of the composite perforated beam, which leads to a 

significant drop in ductility (Patrick, 2001).  

 

 

According to SCI P355 guidance (Lawson and Hicks, 2011), Vierendeel bending 

resistance is considered as the sum of the bending resistances of the four corners 

in a perforation (two for each Tee-section), plus the contribution due to composite 

action between the top Tee-section and the concrete slab, and can be expressed 

as:  

𝟐𝑴𝒃𝑻,𝑵𝑽,𝑹𝒅 +  𝟐𝑴𝒕𝑻,𝑵𝑽,𝑹𝒅 +  𝑴𝒗𝒄,𝑹𝒅  ≥  𝑽𝑬𝒅 𝒍𝒆 

where 𝑴𝒃𝑻,𝑵𝑽,𝑹𝒅, 𝑴𝒕𝑻,𝑵𝑽,𝑹𝒅 and 𝑴𝒗𝒄,𝑹𝒅 are the contributions from the bottom Tee-

section, top Tee-section and concrete slab, respectively. 𝑽𝑬𝒅 is the design shear 

force at the opening at the LMS of the opening, as shown in Figure 2.25. 𝒍𝒆 is the 

effective opening length for Vierendeel bending.  

Figure 2.24: Behaviour of composite perforated beam at 
ultimate load (PATRICK, 2001). 
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SCI P355 guidance also provides a design process to calculate the plastic 

bending resistance at the opening’s centreline. This is done by first determining 

the plastic neutral axis (PNA) position using plastic stress blocks in a perforated 

composite beam. The forces in the Tee-sections and the concrete slab must be 

in equilibrium. Thus, two situations are possible: with the PNA in the concrete 

slab and the top Tee-section, as illustrated in Figure 2.26. 

 

 

2.5 Prequalified Connections: Reduced web section (RWS) 

connection.  

RWS connections make use of two concepts. The first is the use of perforated 

beams such as cellular steel beams, and the second is the ‘strong-column and 

weak-beam’ concept. RWS connections offer a competitive solution for retrofitting 

buildings, as making perforations on the beam web can be done with relative 

ease from the floor below while strengthening the beam-column connection using 

supplementary plates or trimming of flanges for making in situ RBS connections 

would be highly disruptive because that course of action requires partial 

demolition of floors overlaid on the beams. The most usual final configuration with 

and without a slab is depicted in Figure 2.27. 

Figure 2.25: High and low moment sides. 

Figure 2.26: Plastic stress blocks in a perforated composite beam 
(Lawson and Hicks, 2011). 



35 
 

 

The concept of using RWS connections as ductile fuses is derived from the 

beams with single or multiple openings (aka cellular beams). SCI P355 guidance 

provides the main failure modes of perforated composite beams and their 

associated design equations. The guidance presented in SCI P355 is derived 

from the Tee-section approach (TSA), which was initially introduced for 

composite perforated beams. This approach can also be utilised to determine the 

capacities of non-composite perforated beams by disregarding the composite 

slab's contribution. Figure 2.28 summarises the associated failure modes of a 

single web opening, which are also applicable to RWS connections. The three 

main failure modes of concern for RWS connections are bending of the beam at 

the opening, shear of the beam at the opening, and Vierendeel bending.  

 

Figure 2.27: RWS connection. 

Figure 2.28: Main failure modes of single web opening – RWS connections. 
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The most common yielding mode of RWS connections is through the VM, similar 

to a cellular beam, that involves local yielding of the Tee-sections of the 

perforations, starting in the corner of the perforations and eventually leading to 

the formation of four plastic hinges as displayed in Figure 2.29. The VM is a highly 

ductile and stable yield mechanism that occurs in RWS connections. This results 

in the redistribution of global actions to prevent plastic deformation in non-ductile 

elements (Tsavdaridis and Papadopoulos, 2016; Shin et al., 2017b; Tsavdaridis 

et al., 2017). This load redistribution allows for extensive rotation ductility if the 

formation of plastic hinges controls local buckling and torsion (Yang et al., 2009; 

Tsavdaridis et al., 2014; Erfani and Akrami, 2017). The plastic hinges always form 

in the low moment side (LMS) before the high moment side (HMS) – in a 

cantilever configuration – and its occurrence depends on the global moment-

shear ratio (Chung et al., 2001; Tsavdaridis and D’Mello, 2012).  

 

 

This ductile mechanism limits the shear along the beam, thus capping demands 

outside protected zones (Tsavdaridis et al., 2021). The size of the web opening 

and its location within a high-shear zone may cause a non-ductile failure due to 

tearing and out-of-plane buckling. Chung et al. stated that both shear failure and 

the VM may coincide around the web opening (Chung et al., 2003; Lagaros et al., 

2008). High global shear forces and an extensive critical length of the opening 

are required to promote such a ductile mechanism and cap deformation demands 

on non-ductile elements (Chung et al., 2003; Tsavdaridis and D’Mello, 2012; 

Tabar et al., 2022). Therefore, the failure mode of the perforated section could be 

controlled by adjusting the web opening location and size (critical length for 

rectangular and elliptical web opening shapes) (Liu and Chung, 2003; Chung et 

al., 2003; Lagaros et al., 2008; Yang et al., 2009; Tsavdaridis and D’Mello, 2012; 

Tsavdaridis et al., 2017; Erfani and Akrami, 2017; Shaheen et al., 2018). 

Figure 2.29: Vierendeel mechanism (Kerdal and Nethercot, 

1984; Shin et al., 2017a) 
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As the VM allows for large deformations in the inelastic range, there is potential 

for using RWS beams to endure earthquake actions where the seismic hazard is 

low, leading to design guidelines for their use in supporting static loads 

(Aschheim, 2000; Lawson and Hicks, 2011). This has led to research about the 

behaviour of RWS connections when subjected to cyclic actions (Yang et al., 

2009; Tsavdaridis et al., 2014; Shin et al., 2017a; Erfani and Akrami, 2017; Shin 

et al., 2017b; Zhang et al., 2019; Erfani et al., 2020; Davarpanah et al., 2020a; 

Tsavdaridis et al., 2021; Tabar et al., 2022). 

In the literature review, it was found that the circular opening of RWS connections 

has a satisfactory seismic behaviour in moving the plasticity away from the 

column face and without a significant compromise to the connection capacities, 

providing that the proper size and location of the web opening is chosen 

(Tsavdaridis and D’Mello, 2011; Tsavdaridis and D’Mello, 2012; Tsavdaridis et 

al., 2017). The maximum diameter (𝒅𝒐) of the circular web openings was 0.8 of 

the steel beam depth (𝒉), and can be used to ensure the Vierendeel mechanism 

will occur (Tsavdaridis and D’Mello, 2012; Tsavdaridis et al., 2014; Tsavdaridis 

and Papadopoulos, 2016; Tsavdaridis et al., 2017; Boushehri et al., 2019). This 

mechanism can lead to additional rotation of the beam-to-column joint, which, in 

turn, will increase the ductility of the structure. The end-distance from the column 

face to the web opening centerline (𝑺𝒐) is a key parameter to gain the full benefit 

of the VM and the strong-column-weak-beam mechanism. While different values 

of 𝑺𝒐 were used in the previous research, namely, 0.5𝒉, 0.65𝒉, 0.75𝒉, 0.8𝒉, 

0.87𝒉, 𝒉, 1.25𝒉, 1.3𝒉, 1.5𝒉, and 1.74𝒉 (Tsavdaridis et al., 2014; Tsavdaridis et 

al., 2017; Shaheen et al., 2018; Boushehri et al., 2019). However, there are some 

geometric (i.e. practical) limits mentioned in the SCI P355 and in the AISC design 

guide 31 for the minimum spacing of the end post (𝑺𝒆), which are 𝑺𝒆 ≥ 0.5 do and 

𝑺𝒆 ≥ 3 in (~76.2mm) respectively, (Lawson and Hicks, 2011; Fares et al., 2016).  

Testing of RWS connections under monotonic loading (Jia et al., 2021), cyclic 

load with and without an axial force on the column (Shin et al., 2017b; Zhang et 

al., 2019; Tsavdaridis et al., 2021; Bi et al., 2021), pseudo-dynamic (Yang et al., 

2009), and column removal (Lin et al., 2021; Lin et al., 2022; Qiao, Xie, et al., 

2022), has demonstrated their ability to develop plasticity at the web opening and 

facilitate the implementation of the strong-column-weak-beam framework. 

Moreover, results of these experimental and numerical studies have established 

that RWS connections can act as a ductile fuse with acceptable behaviour under 

different types of loading while limiting structural instability and protecting non-

ductile elements (Tsavdaridis et al., 2014; Davarpanah et al., 2020a; Erfani et al., 

2020; Du et al., 2021; Zeytinci et al., 2021; Dong et al., 2021; Bi et al., 2021; 

Tabar et al., 2022). 
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It is generally acknowledged that beams are primary dissipative elements in 

MRFs, adhering to the strong-column-weak-beam concept. In line with this 

concept, RWS connections have been demonstrated to enhance energy 

dissipation through the yielding of the perforated section (Shin et al., 2017a; Shin 

et al., 2017b; Shaheen et al., 2018; Tsavdaridis et al., 2021; Bi et al., 2021; Tabar 

et al., 2022; Guo et al., 2023). However, at first sight, RWS connections seem 

incapable of high ductility as they reduce the shear resistance of the web. 

Capacity design principles aim to ensure that the shear resistance is larger than 

the demands induced by plastic mechanisms to prevent tearing and other fragile 

failure modes. However, RWS connections showcase a high resiliency. 

Particularly, tests considering column removal indicate that loads can be 

transferred around perforations, allowing for catenary action in this highly 

demanding condition  (Lin et al., 2021; Lin et al., 2022; Qiao et al., 2022) (see 

Figures 2.30, 2.31 and 2.32).  

 

 

Figure 2.30: Progressive collapse test results of specimen RWS (Qiao, Xie, 

et al., 2022). 
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Figure 2.31: Catenary action of welded RWS connections (Lin et al., 2022). 

Figure 2.32: Overall deflection of specimens (Lin et al., 2021). 
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Investigations into composite RWS connections with a single circular web 

opening (Shaheen et al., 2018) with multiple hexagonal (castellated) web 

openings (Bi et al., 2021) or multiple circular (cellular beam) web openings (Guo 

et al., 2023) established their efficiency in harnessing high shear forces near the 

column face (Shaheen et al., 2018; Bi et al., 2021; Guo et al., 2023) (see Figure 

2.33). It has been observed that when the web opening diameter equals 0.5h and 

0.8h, the contribution of the composite slab increases the moment capacity by an 

average of 25.9% and 65.5%, respectively. Similarly, the study by Bi et al. (2021) 

reported comparable contributions from the composite slab for web openings with 

diameters of 0.5h and 0.8h, at 25% and 77.5%, respectively. These findings 

indicate that the larger the opening size, the more pronounced the composite 

effect of the floor slab becomes. This value is close to what has been accounted 

for in other composite flooring systems, and thus, decoupling beam and slab 

response by suppressing shear transfer studs could be a reasonable course of 

action (CEN, 2005d; ANSI/AISC 358-16, 2016; ANSI/AISC 341-16, 2016). 

Despite the utilisation of large size of web opening in high shear zone (near 

connection), the VM generally governed the failure of all studied RWS 

connections (Yang et al., 2009; Li et al., 2011; Guo et al., 2011; Tsavdaridis et 

al., 2014; Erfani and Akrami, 2017; Naughton et al., 2017; Zhang et al., 2019; 

Boushehri et al., 2019; Tsavdaridis et al., 2021), whilst meeting performance 

requirements of ANSI/AISC 358-16, ANSI/AISC 341-16 and Eurocode 8 (CEN, 

2005d; ANSI/AISC 358-16, 2016; ANSI/AISC 341-16, 2016).  
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The presence of welded shear studs over the protected zone could compromise 

the attainment of the strong-column-weak-beam framework. If composite action 

is not properly accounted for, it could strengthen the connection rather than 

weaken it. This is consistent with the findings of Shaheen et al. (2018), who only 

examined composite RWS connections with joint action with the slab over the 

opening. Their study concluded that small to medium web opening sizes should 

be considered, as large openings compromise their stable hysteretic response 

(see Figures 2.34 and 2.35).  

Figure 2.33: Experimental and numerical Investigations into RWS 
connections. 

Effect of web opening on damage in slab (Shaheen et al., 2018). 

Comparison of test and FE failure (Bi et al., 2021). 

Final damage patterns in the specimen (Guo et al., 2023). 
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The hysteretic behaviour of steel-concrete composite welded and bolted 

extended end-plate (BEEP) RWS connections can arise from complex plastic 

deformations across more than one of the connection components (especially in 

BEEPs). Given the range of components that may undergo deformation in elastic 

and plastic regions, predicting the hysteretic responses of BEEP-RWS 

connections could be challenging. In the past decade, there has been a strong 

push toward the development of robust guidance and numerical models and 

acceptance criteria for design and promote the use of RWS connections in MRFs 

Figure 2.34: Effect of the web opening size on 
the capacity. 

Figure 2.35: Stress distribution of different RWS models. 
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in seismic areas (Tsavdaridis and D’Mello, 2012; Tsavdaridis et al., 2014; Akrami 

and Erfani, 2015; Tsavdaridis et al., 2017; Erfani and Akrami, 2017; Shaheen et 

al., 2018; Boushehri et al., 2019; Erfani and Akrami, 2019; Davarpanah et al., 

2020a; Erfani et al., 2020; Zeytinci et al., 2021). This extensive research has 

resulted in patents and software developments (Tsavdaridis et al., 2014; 

Tsavdaridis and Papadopoulos, 2016; Tsavdaridis et al., 2017; Naughton et al., 

2017; Shaheen et al., 2018; Boushehri et al., 2019; Ferreira et al., 2022; 

Degtyarev and Tsavdaridis, 2022). Given the significance and continuity of this 

work, it is necessary to provide a comprehensive understanding of the key 

parameters that influence the cyclic response of RWS connections, both with and 

without composite slabs.  

2.6 Summary 

The literature review highlighted the challenges posed by asymmetric yield 

mechanisms in steel-concrete composite MRFs during earthquakes, leading to 

structural compromises and damage, particularly in beam bottom flanges. 

Existing retrofitting strategies, such as decoupling slabs and beams in protected 

zones, often face practical limitations. To address these challenges, RWS 

connections serve as ductile fuses, requiring minimal structural alterations with a 

single perforation in the beam web. This solution simplifies manufacturing and 

retrofitting and helps prevent out-of-plane instability. RWS connections localise 

failures, fostering a Vierendeel mechanism that enhances seismic performance 

and mitigates asymmetric yield effects. These practical implications underscore 

the importance of our research in the field of seismic engineering.  

While the literature acknowledges the potential benefits of RWS connections, a 

significant knowledge gap exists regarding their response in steel-concrete 

composite structures. The one that does exist was a numerical study showing 

that composite action should be considered due to its effects on the behaviour of 

the seismic connections under cyclic loads. However, the effect of the presence 

and absence of composite action (bolted or/and welded shear studs) over the 

web opening has yet to be studied. Additionally, while previous research 

highlights the importance of web opening size and location on RWS performance, 

a comprehensive understanding of the effects of presence/absence composite 

action and capacity design principles still needs to be investigated. 

This thesis directly addresses these research gaps by aligning its objectives with 

overcoming these limitations and aiming to bridge them by conducting 

experimental tests to significantly enhance the existing knowledge base on RWS 

performance under seismic loads. Detailed finite element analysis was also 

employed to identify key factors governing the cyclic response of double-sided 
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extended end-plate/RWS connections with and without composite engagement 

over the web opening. Additionally, comprehensive parametric assessments 

extend observations from experimental results in this thesis, shedding light on 

key factors influencing seismic performance. Finally, through compiling test and 

FEA databases from this research and existing literature to establish a 

comprehensive database, seeking to evaluate the capacity design ratio effect and 

assess the applicability of existing design guidelines, such as SCI P355, thereby 

advocating for the widespread adoption of RWS connections in seismic regions. 

This knowledge will ultimately facilitate a more robust and expansive 

understanding of RWS connections, supporting the development of improved 

design practices and standards in seismic engineering. The summary of 

experimental and numerical studies on RWS connections is tabulated in 

Appendix A. 
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Chapter 3  

Preliminary Finite Element Analysis 

3.1 Introduction 

The lack of experimental and numerical studies on the cyclic response of steel-

concrete composite extended end-plate and reduced web section (RWS) 

connections has been manifested. In light of this gap, it becomes imperative also 

to consider the inherent complexities in steel-concrete composite bolted 

extended end-plate connections subjected to cyclic loading. These connections 

exhibit complex behaviour due to the range of components that may undergo 

plastic deformation. Consequently, while distinct, modelling and predicting the 

hysteretic responses of such components possesses similar challenges. To 

name a few, there is sliding and friction between several components, such as 

the concrete-steel and the steel-steel interfaces. Also, there are secondary 

effects arising from preloading bolts, and buckling and stretching when subjected 

to reversible loads. This requires detailed rules for matching node behaviour on 

distinct types of components/elements, balancing accurate finite element (FE) 

results against the need to reduce computational time and storage requirements. 

This chapter presents a preliminary FE analysis to increase understanding of the 

behaviour of joint slab-beam action of RWS connections. This was achieved by 

formulating parametric high-fidelity FE models in Abaqus© (ABAQUS, 2019), to 

represent with detail the interaction of all structural elements in the connection. 

The FE model is benchmarked firstly by validating against the findings of an 

experimental investigation performed in beams without perforations (Chaudhari, 

2017; Chaudhari et al., 2019). After reaching close agreement with the 

experimental results, a parametric study with 48 different models was analysed, 

employing European beam and column sections. These models studied different 

configurations with varying (1) web opening diameter (𝒅𝒐), (2) the end distance 

from the connection face to the centreline of the web opening (𝑺𝒐) and (3) the 

presence and absence of composite interaction over the protected/plastic zone 

(i.e., web opening) to ensure effective coupling and decoupling of the beam and 

the slab. 
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3.2 Finite element model validation 

3.2.1 Model description 

This study considers a cruciform arrangement to test the structural capacity of 

the RWS column connection. The cruciform arrangement allows for direct 

estimation of the drift capacity of beam-column connections and closely 

represents the behaviour of an inner joint in a multi-storey frame (NZS3404:1, 

1997). Furthermore, benchmarking of the finite element model is done by 

replicating results obtained by Chaudhari (Chaudhari, 2017; Chaudhari et al., 

2019) by testing a bare steel joint (BSF) and a steel full-section beam-concrete 

composite slab (FI-SU). Both types of specimens employed extended end-plate 

connections, shown in Figure 3.1. Detailing of the connection was done in 

accordance with the New Zealand standards (NZS3404:1, 1997). Continuity 

plates were welded on both sides of the column. The 25mm extended end-plate 

connections include four rows of two bolts (M24 class 8.8) that were subjected to 

a prestress tension of 212 kN. The thicknesses of rib stiffeners and continuity 

plates were 12mm and 16mm, respectively. The boundary and loading conditions 

employed in FE models simulated the ones in the experimental tests. The ACI 

loading protocol (ACI, 2005) considering displacement control was applied, 

shown in Figure 3.2 

 

 

 

Figure 3.1: Elevation of test setup (Chaudhari, 2017; Chaudhari et al., 2019). 
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3.2.2 Element type 

The concrete slab, the panel zone, bolts, end plates, and shear studs were 

modelled using 8-node solid elements with reduced integration (element type 

C3D8R). Beams, stiffeners, and top and bottom parts of the column were 

modelled using 4-node shell elements with reduced integration (S4R), as shown 

in Figure 3.3. This modelling technique of using a combination of 3D shell and 3D 

solid elements was adopted to increase accuracy in simulating the behaviour of 

the steel-concrete composite bolted extended end-plate whilst decreasing 

computation time and memory usage, compared to what would be required if all 

elements were modelled as solids. Reinforcement steel bars were represented 

using truss elements (2-node linear, T3D2), as they can only endure uniaxial 

tension and compression. The metal deck was not modelled because it is 

primarily used as formwork for the placement of concrete, whilst its inclusion 

would increase the complexity of the model without aggregated value, as the 

absence of metal decking affects the pattern of cracks in the concrete slab but 

not the structural capacity of connection (Darwin and Donahey, 1988; Shaheen 

et al., 2018). This is explained by the fact that the interaction of shear studs 

(number of shear studs) with the concrete slab is the most critical factor that 

governs the capacity of the connection, instead of allocation of the steel deck, 

which acts primarily as workform (Darwin and Donahey, 1988; Shaheen et al., 

2018). Furthermore, the inclusion of metal decking in the model may lead to 

numerical instabilities that could end in the early termination of the analysis 

(Baskar et al., 2002). 

Figure 3.2: Displacement Control Loading Regime of ACI reportT1.1-01 
(ACI, 2005). 
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3.2.3 Contact modelling 

Modelling contact interactions are very critical for steel-concrete composite bolted 

extended end-plate connections. This importance arises because the bending 

resistances of such connections depend on the collaborative functioning of all 

components, where forces are transferred through contact interactions. 

Moreover, the combination of 3D shell and 3D solid models adopted in this FE 

analysis, along with the imposed cyclic loading, requires careful treatment to 

avoid convergence failures. This necessity is heightened due to the high level of 

nonlinearity expected during the FE analysis.  

Interactions amongst diverse components to simulate the experimental test are 

in accordance with one of the following approaches:  

• Tie constraints (equal displacements) to simulate the welding between 

steel elements were applied (Figure 3.4). 

• Normal and tangent interactions considering hard contact and a friction 

coefficient equal to 0.2 (which corresponds to the case of untreated rolled 

Figure 3.3: Selected element types for FE model. 
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surfaces (CEN, 2005b; Chaudhari, 2017) were adopted while allowing for 

finite sliding to simulate contact amongst steel elements (Figure 3.5).  

• Frictionless normal and tangent interactions with displacement control to 

simulate steel-concrete contact were used (Figure 3.6).  

• Embedded elements for interaction of concrete, rebar and tie-studs within 

the slab were utilised (Figure 3.7).  

 

 
Figure 3.4: Tie constraints. 
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Figure 3.5: Normal and tangent interactions between 
steel components. 
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Figure 3.6: Frictionless contact between concrete slab and steel beam. 

Figure 3.7: Embedded element technique. 
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3.2.4 Boundary and loading conditions 

The boundary conditions have a strong influence on the lateral-torsional stability, 

the deformation capacity, and, eventually, the accuracy of the replicated results. 

Therefore, the applied boundary and loading conditions were consistent with the 

tests observed by Chaudhari et al. (2019), aiming to achieve highly accurate FE 

results. Figure 3.8 illustrates the translations and rotations of pin and roller 

supports, as well as the out-of-plane restrain. The modelling of these boundary 

conditions was simplified by employing the “kinematic coupling constraints” 

option in ABAQUS (2019). Similarly, the cyclic displacement applied to the 

column's tip also used the kinematic coupling constraint option. Furthermore, 

preloading forces of 211.8 kN were applied to simulate the tightening of bolts 

using the “Bolt Load” option. 

 

 

 

 

 

 

 

 

Figure 3.8: Boundary condition and bolts pretensions. 
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3.2.5 Material model 

3.2.5.1 Steel 

Steel was modelled considering a bilinear stress-strain relationship with 

adaptative parameters, representing a combined isotropic and kinematic 

hardening material, in accordance with the formulation implemented in 

ABAQUS©. This material model was allocated to the main steel structural 

elements (beam, column and extended end-plate), as shown in Figure 3.9, using 

yield and ultimate stresses from coupon test results provided in Chaudhari 

(2017). The three points from stress-strain curves, as shown in Figure 3.9, were 

used to reduce computational time and storage requirements. The ultimate strain 

for which peak stress is observed, 𝜀𝑢 was set equal to 15 times the yield unitary 

strain, 𝜀𝑦. Whilst the strain at which fracture is observed, 𝜀𝑟 was set up at 10 times 

𝜀𝑢 in accordance with (Díaz et al., 2018). A value of 𝜀𝑢 equal to 0.05 was enforced 

for bolts, while the fracture was considered to happen upon achievement of peak 

resistance. An elastic-perfectly-plastic model was adopted for steel elements 

outside the panel zone and rebar. Nominal properties were considered for all 

materials, as assessing the effects of variability during manufacturing is out of the 

scope of this study. 

 

3.2.5.2 Concrete 

The concrete slab was modelled using a concrete damaged plasticity (CDP) 

model based on the constitutive law presented in the Eurocode 2 (CEN, 2004) 

and the exponential tension softening model (Cornelissen et al., 1986). The 

stress-strain relation for the normal concrete’s compression behaviour is defined 

in Eurocode 2 (CEN, 2004) by an equivalent uniaxial stress-strain curve, as 

shown in Figure 3.10. Several models can be used to express the tension-

softening behaviour of normal concrete, such as linear, bilinear and exponential. 

Figure 3.9: Material stress–strain curve for beam, column, and connection 
(Díaz et al., 2018) 

a) For steel elements. b) For bolts. 
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The exponential expression was adopted (Figure 3.11) as it has been judged to 

be the most practical realistic model, in accordance with results obtained by 

Cornelissen et al. (1986) and Ahmed and Tsavdaridis (2022). The average value 

of three concrete compression cylinders 𝒇𝒄𝒎 tests, as provided by Chaudhari 

(2017), was used to model concrete’s compression behaviour. The axial tensile 

strength 𝒇𝒕 of the concrete was taken as 10% of the average compressive 

strength value 𝒇𝒄𝒎 in accordance with (Qureshi et al., 2010). 

 

 

3.2.6 Geometric nonlinearity 

Geometric nonlinearity was considered to ensure buckling occurs when the FE 

mode becomes unstable. Therefore, small geometric imperfections must be 

introduced before performing the nonlinear FE analysis. Eigen buckling analyses 

were initially performed to introduce a geometric imperfection. As suggested in 

Tsavdaridis and D’Mello (2009), the first shape of Eigenmode was selected and 

scaled by the recommended factor of tw/200. Figure 3.12 shows the first shape 

of the Eigenmode adopted.  

Figure 3.10: Schematic representation of the stress-
strain curve for structural analysis - Eurocode 2 - (CEN, 

2004). 

Figure 3.11: Exponential tension softening 
(Ahmed and Tsavdaridis, 2022). 
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3.2.7 Mesh sensitivity analysis 

A mesh sensitivity analysis was conducted using various mesh sizes to evaluate 

the calculation time, storage, and accuracy of the results. Based on the mesh 

sensitivity analysis as displayed in Figures 3.13 and 3.14, the element sizes 

ranged between 30mm for steel and 35 mm for the slab, which is enough to 

capture the effects of stress concentration features that are observed during 

laboratory testing (Chaudhari et al., 2019). The element sizes of the bolts and 

shear studs were 15 mm and 6 mm, respectively. This resolution provides close 

agreement with experimental results but with a significant reduction in time and 

computing resources, as shown in Figures 3.13 and 3.14.  

 

 

 

Figure 3.12: First shape of Eigenmode. 

Figure 3.13: Skelton curves for all FE models in mesh 
sensitivity analysis. 



56 
 

 

 

0

20000

40000

60000

80000

100000

120000

140000

160000

35mm for slab and
30mm for beams

20mm for slab and
beams

10mm for slab and
beams

E
le

m
e

n
ts

 

FE Models

0.00

10.00

20.00

30.00

40.00

50.00

60.00

35mm for slab and
30mm for beams

20mm for slab and
beams

10mm for slab and
beams

T
im

e
 (

h
rs

)

FE Models

0.0

5.0

10.0

15.0

20.0

25.0

35mm for slab and
30mm for beams

20mm for slab and
beams

10mm for slab and
beams

S
to

ra
g

e
 (

G
P

) 

FE Models

Figure 3.14: Comparison between FE models in mesh 
sensitivity analysis. 
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3.3 FE models benchmarking 

The proposed numerical model is capable of reproducing the displacement-load 

hysteresis curves of both benchmarking experiments well (Chaudhari, 2017; 

Chaudhari et al., 2019). Behaviour before yielding, stiffness degradation and 

hysterical energy dissipation are closely simulated as differences between load-

story drift ordinates diverge less than 6% for the model without a slab (BSF); while 

becoming less than 4% for the model with a slab (FI) as shown in Figure 3.15. In 

addition, the model captures well residual deformations, and yield and failure 

modes. Particularly, it reproduces closely flange buckling and slab cracking, both 

features being showcased in Figures 3.16 and 3.17. Therefore, the numerical 

model is reliable enough for attaining the objectives of this analysis.  

 

 

 

Figure 3.15: Comparison of Hysteresis Behaviour of FE Result with the 
Test Results of Chaudhari (2017). 
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Figure 3.16: Comparison of local buckling between experimental tests 
(Chaudhari, 2017; Chaudhari et al., 2019) and FE model (with render the 

thickness of the shell elements). 

Figure 3.17: Comparison of concrete cracks between 
experimental test (Chaudhari, 2017; Chaudhari et al., 2019) 

and FE model. 
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3.4 Parametric study 

3.4.1 Model description 

Using the modelling approach outlined in the previous sections, a parametric 

study was undertaken to study the effects of varying configurations of the RWS 

connection on response to cyclic actions. The focus was made on the following:  

i) End-distance from the face of extended end-plate connections to the web 

opening centreline ( 𝑺𝒐=0.5𝒉, 0.65𝒉, 0.80𝒉, 𝒉, 1.2𝒉. Where 𝒉 is the overall 

section height of the steel beam),  

ii) Web opening diameter 𝒅𝒐= 0.5𝒉, 0.65𝒉, 0.80𝒉. and  

iii) Allocation of shear studs on the protected zone (either absent or present), 

leading to the provision of 9 to 7 stud rows over the whole length of the 

beam. The first case represents high beam-slab coupling, while the 

second represents low beam-slab coupling.  

iv) Both composite and non-composite RWS connections were examined 

simultaneously in terms of performance and load-carrying capacity.  

The parameters, including web opening size and location, were chosen based on 

a combination of literature review and considerations for achieving a balance 

between maximising the benefits of the Vierendeel mechanism and maintaining 

adequate beam strength. This selection ensured practical relevance and 

facilitated comparison with existing research, as the chosen range of diameters 

and end-distances are commonly employed in RWS connections (e.g. (Boushehri 

et al., 2019). Additionally, the limitations of the end-post width (Se) were adhered 

to by following SCI P355 guidance (Lawson and Hicks, 2011). The baseline 

model is comprised of compact European beam and column sections, which 

comply with code specifications stated in Eurocodes 3, 4 and 8. Rib stiffeners 

were avoided, while 6 mm doubler plates were provided to strengthen and stiffen 

the panel zone. Table 3.1 summarises the properties of all structural elements 

allocated. The model was excited by a drift time history in accordance with the 

prequalification protocol defined in AISC 341 (ANSI/AISC 341-16, 2016), as 

shown in in Figure 3.18. A gap of 25mm around the column perimeter for all cases 

was provided, as shown in Figure 3.19 (ANSI/AISC 358-16, 2016), EN 1998-1 

clause 7.7.5(1P) and (2) (CEN, 2005d). A slab thickness of 150mm 

corresponding to a Comflor80 metal deck was considered for all models, as done 

in (Chaudhari, 2017; Chaudhari et al., 2019). The characteristics of all specimens 

and the naming convention for each one are presented in Table 3.2 and Figure 

3.20, respectively. 
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Table 3.1: The dimensions and the detailed configuration of the connection 
in the parametric study. 

Element Section type Material 

Slab ----- 
Concrete 𝒇’𝒄 = 30 MPa, 

Rebar 𝒇𝒚 = 515 MPa. 

Beam IPE300 S355 

Column HEB320 S355 

Extended end-plate 530x260x25 S355 

Bolt M24 Class 10.9 

Continuity plate 279x144.25x16 S355 

Doubler plates 730x279x6 S355 

Note: The concrete slab, studs and steel rebars were kept the same as in the 
experimental test (Chaudhari, 2017; Chaudhari et al., 2019). 

 

 

 

 

Figure 3.18: AISC 2016 loading protocol (ANSI/AISC 341-16, 2016). 

a) Side view of model with 
absence of composite action (no 
shear studs above web opening). 

b) Top view of model with 
absence of composite action 
(25 mm gap between RC and 

steel elements). 

Figure 3.19: Model with absence of composite action. 
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Table 3.2: Summary of assessed specimens. 

Model 

Number 

of shear 

studs’ 

rows 

Composite 

action 

Diameter 

𝒅𝒐 

End 

distance 

𝑺𝒐 

SCI 

P355 

NR-NC N/A N/A N/A N/A N/A 

NR-C-H 9 High N/A N/A N/A 

NR-C-L 7 Low N/A N/A N/A 

R-C-H-50d-50S 

9 
H

ig
h

 (
p

re
s
e

n
c
e

) 
c
o

m
p
o

s
it
e

 a
c
ti
o

n
 

150 150 

Yes 

R-C-H-50d-65S 150 195 

R-C-H-50d-80S 150 240 

R-C-H-50d-100S 150 300 

R-C-H-50d-120S 150 360 

R-C-H-65d-50S 195 150 No 

R-C-H-65d-65S 195 195 

Yes 
R-C-H-65d-80S 195 240 

R-C-H-65d-100S 195 300 

R-C-H-65d-120S 195 360 

R-C-H-80d-50S 240 150 
No 

R-C-H-80d-65S 240 195 

R-C-H-80d-80S 240 240 

Yes 

R-C-H-80d-100S 240 300 

R-C-H-80d-120S 240 360 

R-C-L-50d-50S 

8 

L
o

w
 (

a
b

s
e

n
c
e

) 
c
o

m
p

o
s
it
e

 a
c
ti
o
n
 

150 150 

R-C-L-50d-65S 150 195 

R-C-L-50d-80S 150 240 

R-C-L-50d-100S 150 300 

R-C-L-50d-120S 7 150 360 

R-C-L-65d-50S 

8 

195 150 No 

R-C-L-65d-65S 195 195 

Yes 
R-C-L-65d-80S 195 240 

R-C-L-65d-100S 195 300 

R-C-L-65d-120S 7 195 360 

R-C-L-80d-50S 

8 

240 150 
No 

R-C-L-80d-65S 240 195 

R-C-L-80d-80S 240 240 

Yes 

R-C-L-80d-100S 
7 

240 300 

R-C-L-80d-120S 240 360 

R-NC-50d-50S 

N/A 

N
o
n

-

c
o

m
p

o
s
it

e
 m

o
d

e
ls

 

150 150 

R-NC-50d-65S 150 195 

R-NC-50d-80S 150 240 
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R-NC-50d-100S 150 300 

R-NC-50d-120S 150 360 

R-NC-65d-50S 195 150 No 

R-NC-65d-65S 195 195 

Yes 
R-NC-65d-80S 195 240 

R-NC-65d-100S 195 300 

R-NC-65d-120S 195 360 

R-NC-80d-50S 240 150 
No 

R-NC-80d-65S 240 195 

R-NC-80d-80S 240 240 

Yes R-NC-80d-100S 240 300 

R-NC-80d-120S 240 360 

 

 

 

 

 

 

 

Figure 3.20: Model identifier. 
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3.4.2 Nominal capacities of the protected zones 

All RWS connections were designed based on the strength of the connected steel 

solid-webbed beam section, denoted as 𝑴𝒑𝒍,𝒂,𝑹𝒅, of a partial/equal-strength 

connection according to Eurocode 3, Eurocode 4, and Eurocode 8 (CEN, 2005a; 

CEN, 2005b; CEN, 2005c; CEN, 2005d). Nominal (code-specified) load-bearing 

capacities of the connection are expected to be governed by the full plastification 

of the reduced cross-section. For the case where joint slab-beam action is 

prevented, the nominal moment capacity is given by Eq.3.1:  

𝑴𝒑𝒍,𝑹𝒅,𝑹𝑾𝑺 = 𝒇𝒚(𝑾𝒑𝒍 −
𝒅𝒐

𝟐 𝒕𝒘,𝒃

𝟒
) (3.1) 

Where 𝑴𝒑𝒍,𝑹𝒅,𝑹𝑾𝑺 is the plastic moment considering an idealised elastoplastic 

material model for perforated steel section, 𝒇𝒚 is the yield stress,  

𝑾𝒑𝒍,𝒚,𝒃 is the plastic modulus of the steel section, 𝒅𝒐 is the perforation diameter 

and 𝒕𝒘,𝒃 is the beam web thickness.  

The nominal capacity of the composite section is calculated considering joint 

deformation of both the slab and the beam. Firstly, the steel deck is transformed 

into an equivalent uniform thickness slab by matching their cross-sectional areas. 

For this study, a 100 mm thick equivalent slab (𝒕𝒔,𝒆) is found. This leads to a 

“virtual analysis gap” of 50 mm due to the difference amongst the equivalent 

thickness and the actual thickness of the steel deck. Then the effective width of 

the composite slab (𝒃𝒆) is calculated according to code specifications (CEN, 

2005c) finding that it is 8 times the equivalent slab thickness, namely, 800 mm. 

The comparable cross-section for assessing the nominal moment capacity is 

shown in Figure 3.21. 

 

 

 

Figure 3.21: Equivalent composite section for nominal moment 
capacity assessment, sagging moment. 
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Then it is possible to consider Whitney’s equivalent rectangular stress theory 

(CEN, 2005c) to find the ultimate capacity of the ensemble. Firstly, peak 

compressive and tensile actions on both beam and slab must be calculated, 

following Eqs. 3.2, and 3.3:  

𝑪 = 𝟎. 𝟖𝟓 𝒇′𝒄 𝒃𝒆 𝒕𝒔𝒆  (3.2) 

𝑻 = 𝒇𝒚(𝑨𝒈  − 𝒕𝒘 𝒅𝒐) (3.3) 

where 𝑪 is the compression force in the cross-section, 𝒇’𝒄 is the nominal 

compression resistance of concrete in the slab, 𝒃𝒆 is the thickness of the 

equivalent T section to account for shear lag in the slab, 𝒕𝒔,𝒆 is the slab thickness, 

𝑻 is the tension load on the cross-section, and 𝑨𝒈 is the gross cross-section of 

the steel beam without perforations). In this case, the tension capacity of the 

beam at the reduced cross-section is lower than the compression action that can 

be sustained within the slab. Consequently, the neutral axis will be within it. The 

depth of the equivalent uniform stress field is given by:  

𝒂 =
𝑻

𝟎.𝟖𝟓 𝒇′𝒄 𝒃𝒆
 (3.4) 

Then the moment capacity of the cross-section can be computed by multiplying 

the tensile action by its lever arm on the cross-section, leading to the following 

expression for the nominal moment capacity (𝑴𝒑𝒍,𝑹𝒅): 

𝑴𝒑𝒍,𝑹𝒅 = 𝑻 (
𝒉

𝟐
+ 𝒈 + 𝒕𝒔𝒆 −

𝒂

𝟐
) (3.5) 

Where 𝒉 is the beam depth, 𝒈 is the gap due to the difference between the real 

thickness of the steel deck and its equal-area idealization. For the hogging 

moment, the compression fibre is on the bottom, while the steel within the slab 

allows for an increase of the internal tensile action. However, only minimum 

reinforcement to prevent cracking due to shrinkage was provided, and 

consequently, its effect on capacity can be ignored. If that is the case, the hogging 

moment capacity will be the same as provided by the beam alone, in accordance 

with Eq. 3.1. A summary of the diverse nominal moment resistances is provided 

in Table 3.3. 
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Table 3.3: Nominal moment capacities of main specimen typologies. 

Specimen 
Nominal Moment Resistance 

[kN-m] 

Description Sagging Hogging 

Non composite, 

Solid webbed 

beam 

223 223 

Non composite, 

d0 = 0.80h 
187 187 

Non composite, 

d0 = 0.65h 
199 199 

Non composite, 

d0 = 0.5h 
209 209 

composite, 

Solid webbed 

beam 

485 223 

composite, 

d0 = 0.80h 
360 187 

composite, 

d0 = 0.65h 
388 199 

composite, 

d0 = 0.5h 
416 209 

The capacity of the connection, M_(c,Rd), designed 

following the components method outlined in 

Eurocode 3-1-8 (CEN, 2005b) equal 216 kN.m 
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3.5 Parametric results 

Lateral load and interstorey drift relationships are depicted in Figures 3.22, 3.23 

and 3.24. For all cases, wide and stable hysteresis cycles without pinching are 

observed. Likewise, drifting away from the zero ordinate is at most slight, 

indicating that residual deformations are symmetrical, following the loading 

protocol. This indicates that buckling of end plates and yielding outside protected 

zones was mild, leading to symmetrical strain reversals. 

The analysis was terminated when the specimen reached an interstorey drift of 

6%; a loss of moment capacity larger than 20% of the maximum value was 

observed; the analysis failed to converge or there was a failure of any of the shear 

studs or bolts in the end plate. The great majority of RWS of specimens (84%) 

achieved the 6% threshold and all exceeded a 4% interstorey drift demand. The 

latter is the performance standard that a connection must satisfy if it is going to 

be used in special moment-resisting frames, according to AISC-341 16 

specifications (ANSI/AISC 341-16, 2016). Results are summarised in Tables 3.4 

and 3.5. 

In addition to the RWS specimens that met the 6% threshold criteria, it is essential 

to note that a subset of specimens did not satisfy this criterion during the analysis. 

These specimens exhibited deviations from the expected response. Although the 

proportion of specimens that did not meet the 6% threshold was relatively small 

(16%), it is imperative to understand the factors contributing to their performance, 

as discussed in Section 3.5.3. A further thorough examination of these FE models 

revealed that these specimens experienced more severe buckling of end plates, 

flange/web buckling and yielding outside protected zones, resulting in a brittle 

response. 

Table 3.6 showcases the observed moment capacity of the beam normalized by 

the bare section nominal moment capacity (without a slab). At most, it is observed 

that peak moment resistance reaches 1.5 times the nominal capacity of the bare, 

reduced steel section. Contrarily, for all perforation sizes considered in this study, 

the moment capacity of the composite cross-section ranges between 1.9 and 2 

times the capacity of the beam with perforations at the critical (smallest) cross-

section (Table 3.3). This is expected as full plastification of the reduced cross-

section solely in tension is unlikely to happen before the full development of the 

Vierendeel mechanism along the perforation edges. For that reason, it is more 

sensible to express the maximum moment capacity of the connection in terms of 

the plastification moment of the bare steel reduced section, according to Eq.3.1, 

and presented in Table 3.6. 
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Figure 3.22: Hysteretic curves of solid model and models with the 
diameter of the opening equal to 0.8𝒉. 
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Figure 3.23: Hysteretic curves of solid model and models with the 
diameter of the opening equal to 0.65𝒉 
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Figure 3.24: Hysteretic curves of solid model and models with the 
diameter of the opening equal to 0.5𝒉. 
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Table 3.4: Load capacity, initial stiffness and strength degradation of all 
connections. 

Models 
Lateral Load (kN) Initial rotational 

stiffness 𝑲𝒊 (kN.rad) 

Strength 

degradation 

(%) 

sag hog sag hog 

NR-C-L 242.0 242.4 30912 0.4 0.6 

NR-C-H 269.5 270.3 38920 0.0 0.0 

NR-NC 232.1 230.1 24612 16.4 15.6 

R-C-L-80d-120S 185.6 183.6 28868 3.6 3.2 

R-C-L-80d-100S 183.7 181.1 28924 6.2 5.6 

R-C-L-80d-80S 180.0 179.2 31248 7.9 8.3 

R-C-L-80d-65S 178.1 177.2 31248 8.8 9.1 

R-C-L-80d-50S 172.4 171.9 31080 7.4 8.1 

R-C-H-80d-120S 260.8 264.6 36232 5.8 6.4 

R-C-H-80d-100S 247.6 249.4 36400 11.8 12.8 

R-C-H-80d-80S 227.4 226.0 36120 10.6 10.9 

R-C-H-80d-65S 207.7 204.6 35532 5.9 5.8 

R-C-H-80d-50S 188.2 185.8 34384 2.0 1.1 

R-NC-80d-120S 182.0 180.3 23660 21.3 21.3 

R-NC-80d-100S 178.5 177.3 23688 20.1 20.4 

R-NC-80d-80S 173.6 173.4 23688 19.8 20.7 

R-NC-80d-65S 175.4 175.1 23688 21.4 22.2 

R-NC-80d-50S 169.7 169.0 23688 22.2 22.6 

R-C-L-65d-120S 227.7 226.4 30156 6.8 8.8 

R-C-L-65d-100S 224.8 223.5 32900 9.8 10.9 

R-C-L-65d-80S 218.1 216.3 32956 7.1 10.0 

R-C-L-65d-65S 212.3 209.8 32956 5.5 5.0 

R-C-L-65d-50S 206.5 203.9 32956 4.4 3.6 

R-C-H-65d-120S 268.5 269.2 37716 0.0 0.0 

R-C-H-65d-100S 266.1 268.0 37659 0.2 1.5 

R-C-H-65d-80S 250.2 251.0 37604 3.8 4.5 

R-C-H-65d-65S 232.9 231.8 37352 2.7 2.7 

R-C-H-65d-50S 216.0 215.7 36904 0.0 0.0 

R-NC-65d-120S 217.3 214.9 24304 16.7 21.1 

R-NC-65d-100S 211.4 210.7 24248 14.4 14.8 

R-NC-65d-80S 208.7 208.4 24276 19.3 19.3 

R-NC-65d-65S 204.8 204.4 24304 15.9 16.8 

R-NC-65d-50S 201.7 201.4 24304 20.0 19.4 

R-C-L-50d-120S 241.7 242.1 30632 5.7 6.3 

R-C-L-50d-100S 247.5 248.4 33600 4.2 5.2 

R-C-L-50d-80S 240.6 238.9 33600 5.4 5.5 

R-C-L-50d-65S 234.1 234.3 33628 4.6 5.0 

R-C-L-50d-50S 229.0 228.1 33628 3.6 2.6 
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Continued Table 3.4 

Models 
Lateral Load (kN) Initial rotational 

stiffness 𝑲𝒊 (kN.rad) 

Strength 

degradation 

(%) 

sag hog  sag 

R-C-H-50d-120S 269.6 270.9 38360 0.0 0.0 

R-C-H-50d-100S 268.8 269.9 38360 0.0 0.0 

R-C-H-50d-80S 267.0 268.8 38360 0.7 1.0 

R-C-H-50d-65S 254.6 253.7 38304 2.6 2.8 

R-C-H-50d-50S 239.9 238.3 38052 0.3 0.3 

R-NC-50d-120S 229.4 226.7 24472 15.0 14.6 

R-NC-50d-100S 225.7 224.0 24472 16.0 15.4 

R-NC-50d-80S 223.9 222.7 24472 16.9 15.1 

R-NC-50d-65S 221.9 221.2 24500 16.5 15.5 

R-NC-50d-50S 220.9 220.5 24528 14.4 14.5 
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Table 3.5: Interstory drift deformation capacity of all specimens.  

Models 

Yield 

rotation 𝜽𝒚 

(%rad) 

Ultimate 

rotation 

𝜽𝒖 (%rad) 

Ductility 
Dissipated 

energy 

(kN.m) 
sag hog sag hog sag hog 

NR-C-L 1.79 1.79 5.00 5.00 2.79 2.79 15.27 

NR-C-H 1.59 1.59 4.00 4.00 2.52 2.52 13.95 

NR-NC 2.14 2.14 6.00 6.00 2.80 2.80 27.26 

R-C-L-80d-120S 1.39 1.39 6.00 6.00 4.32 4.32 23.26 

R-C-L-80d-100S 1.35 1.35 6.00 6.00 4.44 4.44 23.00 

R-C-L-80d-80S 1.25 1.25 6.00 6.00 4.80 4.80 23.22 

R-C-L-80d-65S 1.24 1.24 6.00 6.00 4.84 4.84 22.74 

R-C-L-80d-50S 1.35 1.35 6.00 6.00 4.44 4.44 22.25 

R-C-H-80d-120S 1.63 1.65 5.00 5.00 3.07 3.03 21.55 

R-C-H-80d-100S 1.50 1.50 6.00 6.00 4.00 4.00 27.86 

R-C-H-80d-80S 1.39 1.39 6.00 6.00 4.32 4.32 28.15 

R-C-H-80d-65S 1.33 1.31 6.00 6.00 4.51 4.58 27.73 

R-C-H-80d-50S 1.21 1.21 6.00 6.00 4.96 4.96 23.50 

R-NC-80d-120S 1.65 1.65 6.00 6.00 3.64 3.64 23.54 

R-NC-80d-100S 1.65 1.64 6.00 6.00 3.64 3.66 23.49 

R-NC-80d-80S 1.60 1.60 6.00 6.00 3.75 3.75 23.30 

R-NC-80d-65S 1.60 1.60 6.00 6.00 3.75 3.75 22.73 

R-NC-80d-50S 1.55 1.55 6.00 6.00 3.87 3.87 20.96 

R-C-L-65d-120S 1.75 1.75 6.00 6.00 3.43 3.43 30.21 

R-C-L-65d-100S 1.60 1.60 6.00 6.00 3.75 3.75 30.73 

R-C-L-65d-80S 1.50 1.50 6.00 6.00 4.00 4.00 30.61 

R-C-L-65d-65S 1.50 1.45 6.00 6.00 4.00 4.14 27.64 

R-C-L-65d-50S 1.40 1.40 6.00 6.00 4.29 4.29 26.81 

R-C-H-65d-120S 1.51 1.51 4.00 4.00 2.65 2.65 14.00 

R-C-H-65d-100S 1.51 1.51 4.98 4.88 3.30 3.23 13.92 

R-C-H-65d-80S 1.50 1.50 6.00 6.00 4.00 4.00 27.20 

R-C-H-65d-65S 1.38 1.38 6.00 6.00 4.35 4.35 30.66 

R-C-H-65d-50S 1.29 1.29 6.00 6.00 4.65 4.65 26.97 

R-NC-65d-120S 1.95 1.90 6.00 6.00 3.08 3.16 28.34 

R-NC-65d-100S 1.90 1.89 6.00 6.00 3.16 3.17 28.54 

R-NC-65d-80S 1.88 1.88 6.00 6.00 3.19 3.19 28.71 

R-NC-65d-65S 1.75 1.80 6.00 6.00 3.43 3.33 28.87 

R-NC-65d-50S 1.80 1.80 6.00 6.00 3.33 3.33 28.10 

R-C-L-50d-120S 1.80 1.80 6.00 6.00 3.33 3.33 24.38 

R-C-L-50d-100S 1.69 1.69 5.00 5.00 2.96 2.96 17.73 

R-C-L-50d-80S 1.68 1.69 6.00 6.00 3.57 3.55 25.46 

R-C-L-50d-65S 1.61 1.61 6.00 6.00 3.73 3.73 28.83 

R-C-L-50d-50S 1.60 1.60 6.00 6.00 3.75 3.75 29.72 
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Continued Table 3.5 

Models 

Yield 

rotation 𝜽𝒚 

(%rad) 

Ultimate 

rotation 

𝜽𝒖 (%rad) 

Ductility 
Dissipated 

energy 

(kN.m) 
sag hog sag  sag hog 

R-C-H-50d-120S 1.58 1.58 3.96 3.98 2.51 2.52 13.92 

R-C-H-50d-100S 1.55 1.55 4.00 4.00 2.58 2.58 14.03 

R-C-H-50d-80S 1.53 1.53 5.00 5.00 3.27 3.27 14.72 

R-C-H-50d-65S 1.45 1.45 6.00 6.00 4.14 4.14 27.16 

R-C-H-50d-50S 1.40 1.40 6.00 6.00 4.29 4.29 28.20 

R-NC-50d-120S 2.00 2.00 6.00 6.00 3.00 3.00 27.59 

R-NC-50d-100S 1.98 1.98 6.00 6.00 3.03 3.03 27.69 

R-NC-50d-80S 1.98 1.98 6.00 6.00 3.03 3.03 27.95 

R-NC-50d-65S 1.97 1.97 6.00 6.00 3.05 3.05 27.86 

R-NC-50d-50S 1.95 1.95 6.00 6.00 3.08 3.08 28.14 

Note: Sag = sagging and hog = hogging. They refer to the direction of the 

applied load. Sag is when the actuator pushes to the right, while hog is when it 

pulls to the left. 
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Table 3.6: Attained moment capacities for right beam. 

Models 
Normalized max 

𝑴𝒇

𝑴𝒑𝒍,𝒂,𝑹𝒅
 Normalized max 

𝑴𝒐

𝑴𝒑𝒍,𝑹𝒅,𝑹𝑾𝑺
 

(sag) (hog) (sag) (hog) 

NR-C-L 1.14 -1.05 N/A N/A 

NR-C-H 1.19 -1.22 N/A N/A 

NR-NC 1.03 -1.02 N/A N/A 

R-C-L-80d-120S 1.01 -0.86 1.06 -0.90 

R-C-L-80d-100S 0.96 -0.86 1.03 -0.92 

R-C-L-80d-80S 0.88 -0.88 0.97 -0.96 

R-C-L-80d-65S 0.86 -0.86 0.96 -0.96 

R-C-L-80d-50S 0.89 -0.83 1.01 -0.94 

R-C-H-80d-120S 1.34 -1.20 1.40 -1.25 

R-C-H-80d-100S 1.38 -1.12 1.48 -1.20 

R-C-H-80d-80S 1.30 -0.97 1.42 -1.06 

R-C-H-80d-65S 1.17 -0.90 1.31 -1.00 

R-C-H-80d-50S 1.03 -0.83 1.17 -0.94 

R-NC-80d-120S 0.80 -0.80 0.84 -0.83 

R-NC-80d-100S 0.79 -0.78 0.84 -0.84 

R-NC-80d-80S 0.77 -0.77 0.84 -0.84 

R-NC-80d-65S 0.78 -0.77 0.86 -0.86 

R-NC-80d-50S 0.75 -0.75 0.85 -0.85 

R-C-L-65d-120S 1.10 -1.01 1.08 -0.99 

R-C-L-65d-100S 1.06 -1.02 1.06 -1.02 

R-C-L-65d-80S 1.05 -0.99 1.08 -1.01 

R-C-L-65d-65S 1.00 -0.95 1.05 -1.00 

R-C-L-65d-50S 1.01 -0.91 1.07 -0.97 

R-C-H-65d-120S 1.15 -1.22 1.13 -1.20 

R-C-H-65d-100S 1.22 -1.21 1.22 -1.21 

R-C-H-65d-80S 1.29 -1.14 1.32 -1.17 

R-C-H-65d-65S 1.20 -1.04 1.26 -1.08 

R-C-H-65d-50S 1.11 -0.95 1.17 -1.01 

R-NC-65d-120S 0.96 -0.95 0.94 -0.93 

R-NC-65d-100S 0.94 -0.93 0.94 -0.93 

R-NC-65d-80S 0.92 -0.92 0.95 -0.94 

R-NC-65d-65S 0.91 -0.90 0.95 -0.94 

R-NC-65d-50S 0.89 -0.89 0.95 -0.94 

R-C-L-50d-120S 1.23 -1.05 1.15 -0.98 

R-C-L-50d-100S 1.21 -1.08 1.16 -1.03 

R-C-L-50d-80S 1.21 -1.05 1.18 -1.03 

R-C-L-50d-65S 1.20 -1.03 1.19 -1.03 

R-C-L-50d-50S 1.18 -1.01 1.19 -1.03 

R-C-H-50d-120S 1.16 -1.23 1.08 -1.15 
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Continued Table 3.6 

Models 
Normalized max 

𝑴𝒐

𝑴𝒑𝒍,𝑹𝒅,𝑹𝑾𝑺
 Normalized max 

𝑴𝒐

𝑴𝒑𝒍,𝑹𝒅,𝑹𝑾𝑺
 

(sag) (hog) (sag) (hog) 

R-C-H-50d-100S 1.17 -1.22 1.12 -1.17 

R-C-H-50d-80S 1.25 -1.22 1.22 -1.19 

R-C-H-50d-65S 1.28 -1.15 1.27 -1.15 

R-C-H-50d-50S 1.20 -1.08 1.21 -1.10 

R-NC-50d-120S 1.01 -1.00 0.95 -0.93 

R-NC-50d-100S 1.00 -0.99 0.95 -0.94 

R-NC-50d-80S 0.99 -0.99 0.97 -0.96 

R-NC-50d-65S 0.98 -0.98 0.98 -0.97 

R-NC-50d-50S 0.98 -0.97 0.99 -0.99 

Note: 𝑀𝑝𝑙,𝑎,𝑅𝑑= nominal plastic strength of the connected steel beam; 

𝑀𝑝𝑙,𝑅𝑑,𝑅𝑊𝑆= nominal plastic strength of the connected perforated steel beam 

based on equation (1); 𝑀𝑐,𝑅𝑑= 215.6 kNm, the design resistance of the joint 

according to Eurocode 3 (CEN, 2005a); Mf = maximum beam moment at 

column face; Mo = maximum beam moment at the centre of web opening. 

 

3.5.1 Effect of web opening diameter (𝒅𝒐) 

Results for perforated beams with an opening equal to 80% of the beam’s height 

indicate that the nominal capacity of the bare beam is reached if low composite 

action is present, as peak moment ranges between 0.9 and 1.06 the nominal 

value, being 0.94 the average for the hogging moment and 1.00 for the sagging 

moment. This is expected as the slab provides an additional constraint to buckling 

and bending of the upper plastic hinges that make up the Vierendeel mechanism. 

Yet, as the ratio is close to one, it can be considered that both the Vierendeel 

Mechanism and the yielding of the critical cross-section are concurrent. When 

high composite action is enforced, moment capacity increases sizably but is not 

enough to reach what is expected for the composite section, which is close to 

double the plastification moment of the bare section alone with tension in the 

upper flange and compression at the bottom (Table 3.3). The average values for 

the ratio between the peak moment observed and the nominal capacity of the 

bare steel section are 1.09 and 1.36 for hogging and sagging moment capacity, 

while minimum and maximum values are 0.94 and 1.48. As observed in the 

previous case, there is a significant difference between sagging and hogging 

moments, which is explained by the additional constraint on buckling. There is a 

slight reduction in capacity as the perforation is made closer to the column, but 

the data does not indicate a clear trend. Still, it is a good course of action to follow 
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SCI P355 guidelines in that regard; thus, allowing for a space of at least one 

perforation diameter from the column face to the centre of the perforation.  

When composite action is impeded in specimens with do = 0.8h (i.e., non-

composite), the peak moment reaches values that range between 0.86 and 0.83 

of the nominal capacity, being similar for both sagging and hogging moment. 

Avoidance of shear transfer studs allows for relative slippage between the steel 

section and the slab; thus, buckling is more likely to occur, making behaviour 

being controlled by the development of the Vierendeel mechanism along the 

opening edges. On other hand, results indicate that there is a limited role of the 

spacing between the column face and the perforation.  

All cases reached a story drift of 6%, except the specimen with high composite 

action with the first perforation allocated at a distance from the column equal to 

1.2 times the height of the beam (R-C-H-80d-120S). As the analysis was 

terminated at this threshold, ductility estimates are lower-bound. Still, cases 

where there is low or high beam-slab interaction show interstorey drift ductility 

larger than 4, while for cases where the interaction was prevented, it ranges 

between 4 and 3 (Table 3.5). 

Lower diameter perforations (0.65h and 0.5h) uncover the effect of overextending 

the distance between the column face and the centre of the perforation. For 

spacings, S=1.2h and 1.0h the observed ultimate interstorey drift is less than 6%; 

yet, it is larger than 4.0% or close to this value (values of 3.96% were obtained 

for specimen R-C-H-50d-120S) indicating that even for these configurations, 

performance would allow for inclusion in special moment frames (ANSI/AISC 

341-16, 2016). Nevertheless, going beyond SCI P355 recommendations is not 

advisable and can diminish deformation capacity significantly. 

The ratio of peak moment capacity to nominal resistance reduces significantly as 

the opening size becomes smaller. For do = 0.65h and beams with high composite 

action; the average value is 1.22 for the sagging moment and 1.13 for the hogging 

moment, which is 10% less than was observed for the beam with do = 0.8h, whilst 

the difference is marginal for the hogging moment. For do = 0.5h with high 

composite action; averages for ratios of observed peak resistances and nominal 

values for sagging and hogging moment are 1.18 and 1.15 respectively. Thus, 

for that case, capacity increases as a by-product of strengthening of T-stubs 

following the Vierendeel mechanism, rather than true composite action. For do = 

0.5h and 0.65h specimens with low and no composite action, resistance ranges 

between 1.19 and 0.93 times the nominal capacity, observing comparable results 

for both sagging and hogging moments.  
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3.5.2 Strength degradation  

Load capacity was checked at the end of the last load cycle. Table 3.4 shows 

strength degradation for all models. Remarkably, the great majority (84%) of 

RWS specimens reached an interstorey drift of 6% while being able to attain a 

capacity larger than 80% of the maximum observed value. In all cases, peak 

achieved moments in hysteresis cycles whilst drift demand was less than 4% 

were larger than 80% of the maximum, making all specimens compliant with the 

requirements for their deployment into special moment frames, according to AISC 

(ANSI/AISC 358-16, 2016). 

All non-composite RWS and solid models (i.e., no slab) experienced a large 

strength degradation of up to 22.6% due to the absence of bracing which makes 

them susceptible to lateral-torsional buckling. Whilst for beams with low-

composite action, where a limited number of studs is provided even in the 

protected zone; but not enough for full shear transfer amongst slab and beam, 

strength loss is at most 10.9% and the average reaches 6.3%. For beams with 

full composite action, even with studs within the protected zone, the average 

strength degradation reaches 3.2%, but the result is highly influenced by outliers 

where large openings are provided (do = 0.8h). Clearly, the slab has a positive 

effect in controlling out-of-plane buckling of the reduced web section, making it 

highly unlikely if the perforation diameter is equal or less than 0.65 times the 

beam depth. For larger diameters, namely, 80% of the beam’s depth, noticeable 

but limited, strength degradation is observed, reaching, at most 12.8%.  

3.5.3 Failure modes and stress and strain distribution 

As stated before, all specimens reached a 4% interstorey drift demand without 

significant loss of structural integrity, making them suitable for use in special 

moment frames. Moreover, most achieved a 6% interstorey drift without losing 

their load-bearing capacity. However, there are significant differences in how this 

performance was achieved, as outlined in Table 3.7. It is worth noting that specific 

failure mechanisms are identified through individual scrutiny of each model, 

aiding in the understanding of observed responses. 

In overall terms, the provision of perforations leads to a protected zone where 

inelastic action can happen without global instability, as shown in Figures 3.25- 

3.32. This is accomplished by yielding through the Vierendeel Mechanism and 

plastification of the reduced cross-section. The latter also induces buckling 

without tearing the bottom flange due to strain reversals in tension and 

compression. These mechanisms preserve the gravitational load-bearing 

capacity of the connection, thereby allowing for extensive deformation capacity.  
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Table 3.7: FE results of the contribution of composite action for right beam 
and failure modes. 

Model 

Number 

of shear 

studs’ 

rows 

Contribution of 

composite action 
Failure modes 

Sag Hog 

NR-C-H 9 15.8% 20.5% BF & BE 

NR-C-L 7 10.6% 3.5% BF & BE 

R-C-H-80d-120S 

9 

66.6% 50.8% VM, BF, & BE 

R-C-H-80d-100S 74.9% 43.0% VM, BF, & BE 

R-C-H-80d-80S 69.3% 26.1% VM 

R-C-H-80d-65S 51.5% 16.7% VM 

R-C-H-80d-50S 37.6% 10.9% VM 

R-C-H-65d-120S 19.9% 28.9% BF, FB, & BE 

R-C-H-65d-100S 30.5% 29.9% BF, FB, WB & BE 

R-C-H-65d-80S 39.8% 24.3% BF, WB & BE 

R-C-H-65d-65S 32.9% 14.7% FB, & WB 

R-C-H-65d-50S 24.1% 6.9% FB, & WB 

R-C-H-50d-120S 13.9% 23.3% BF, FB, & BE 

R-C-H-50d-100S 17.3% 23.7% BF, FB, & BE 

R-C-H-50d-80S 25.8% 23.8% BF, FB, & BE 

R-C-H-50d-65S 29.9% 18.0% BF, FB, WB & BE 

R-C-H-50d-50S 22.7% 11.1% FB, WB & BE 

R-C-L-80d-120S 
7 

25.8% 8.2% VM 

R-C-L-80d-100S 21.9% 9.7% VM 

R-C-L-80d-80S 

8 

15.1% 14.4% VM 

R-C-L-80d-65S 11.6% 11.1% VM 

R-C-L-80d-50S 18.6% 11.2% VM 

R-C-L-65d-120S 7 14.5% 6.8% VM & WB 

R-C-L-65d-100S 

8 

13.5% 9.8% VM & WB 

R-C-L-65d-80S 14.1% 7.3% VM & WB 

R-C-L-65d-65S 10.8% 5.7% VM 

R-C-L-65d-50S 13.3% 2.7% VM 

R-C-L-50d-120S 7 21.2% 5.3% BF, FB, & BE 

R-C-L-50d-100S 

8 

21.1% 8.9% BF, FB, & BE 

R-C-L-50d-80S 22.2% 6.7% BF, FB, & BE 

R-C-L-50d-65S 21.6% 5.5% VM, FB, & BE 

R-C-L-50d-50S 20.4% 4.1% VM, FB, & BE 

Note: BF = bolt bending (exceeded its capacity); BE= bending of extended end-

plate; FB = flange buckling; WB = web buckling; and VM = Vierendeel 

mechanism. + ve and - ve refer to sagging and hogging moments of the right 

beam, respectively. 
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Although inelastic action is prevented on the column, bending of bolts and 

buckling of end plates are observed. These undesired, potentially fragile 

phenomena occur in RWS specimens with low composite action and with a 

perforation diameter of 0.5 times the beam height only (Figures 3.25 and 3.26). 

For RWS specimens where shear studs are provided in the protected zone, they 

occur in almost all cases. For specimens with a perforation diameter equal to 

0.8h, the formation of the Vierendeel mechanism is inevitable (Figures 3.29 and 

3.30). Also, it developed in those specimens with a perforation diameter equal to 

0.65h having low composite action (Figures 3.27 and 3.28). 

However, it must be stressed that these undesired events occur for a large 

interstorey drift demand, in excess of 4% and could be potentially limited if 

capacity design principles are applied considering the specific features of RWS 

connections, as detailing is done in accord with testing for non RWS specimens. 

Possible strategies are: designing end plates to consider the effective 

plastification capacity of the composite section, whilst accounting for steel strain 

hardening, and elimination of shear studs above the plastic zone, to allow for the 

formation of Vierendeel mechanism, alike bare steel beams. It must be stressed 

that out of plane instability and tearing of structural elements, either beams, 

columns or joints was avoided.  
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Figure 3.25: PEEQ and stresses distribution in last cycle of RWS models 
with 𝒅𝒐= 0.5𝒉 and 𝑺𝒐 were complied with SCI P355 guidance (no shear 

studs over the protected zone). 
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Figure 3.26: PEEQ and stresses distribution in last cycle of RWS models 
with 𝒅𝒐= 0.5𝒉 and 𝑺𝒐 were complied with SCI P355 guidance (presence of 
shear studs over the protected zone). 
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Figure 3.27: PEEQ and stresses distribution in last cycle of RWS models 
with 𝒅𝒐= 0.65𝒉 and 𝑺𝒐 were complied with SCI P355 guidance (no shear 

studs over the protected zone). 



83 
 

 

 

  

 

 

 

Top Left Beam Top Right Beam 
 

 

  

  

  
Bottom Left Beam Bottom Right Beam 

R-C-H-65d-100S 

 

 

Top Left Beam Top Right Beam 
 

 

  

  

  
Bottom Left Beam Bottom Right Beam 

R-C-H-65d-80S 

 

 

Top Left Beam Top Right Beam 
 

 

 

  

  

  
Bottom Left Beam Bottom Right Beam 

R-C-H-65d-65S 

Von Mises PEEQ 

Von Mises PEEQ 

Von Mises PEEQ 

Figure 3.28: PEEQ and stresses distribution in last cycle of RWS models 
with 𝒅𝒐= 0.65𝒉 and 𝑺𝒐 were complied with SCI P355 guidance (presence of 

shear studs over the protected zone). 
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Figure 3.29: PEEQ and stresses distribution in last cycle of RWS models 
with 𝒅𝒐= 0.8𝒉 and 𝑺𝒐 were complied with SCI P355 guidance (no shear 

studs over the protected zone). 
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Figure 3.30: PEEQ and stresses distribution in last cycle of RWS models 
with 𝒅𝒐= 0.8𝒉 and 𝑺𝒐 were complied with SCI P355 guidance (presence of 

shear studs over the protected zone). 
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Figure 3.31: Distribution of PEEQ and Von Mises stresses 
of composite solid model (NR-C-L) in last cycle in the 

hysteretic curve 
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Figure 3.32: Distribution of PEEQ and Von Mises stresses 
of composite solid model (NR-C-H) in last cycle in the 

hysteretic curve. 
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3.5.4 Damage patterns on the slab.  

Figures 3.33 and 3.34 depict different patterns of slab damage in both tension 

and compression, for models where there is high and low composite action. 

Clearly, there is extensive cracking in tension for all cases, indicating that 

reducing the number of shear studs may allow for some relative slippage, as 

hinted by the cap on moment resistance, but joint deformation is still important, 

leading to adverse transfer of shear strain into the concrete slab.  

Contrarily, compressive crushing shows a more varied behaviour depending on 

the degree of coupling of the beam and the slab. For low composite action, 

damage is limited, particularly when the opening diameter is 0.65h or larger. 

Rather, it happens due to stress concentration in the vicinity of the web opening. 

For high composite action, damage is more widespread, indicating that the slab 

plays a critical role by supporting compressive stresses. Among specimens with 

high composite action, damage is lowest when the opening is 0.80 times the 

beam depth. Yet, this case displayed the largest structural efficiency, as the 

average peak moment reached 1.38 times the nominal capacity of the bare beam. 

This is explained by the fact that reducing the cross-section of the beam to the 

greatest extent, limits excess tensile actions within the cross-section; therefore, 

balancing compressive actions are lower, and induced damage is consequently 

milder. 

It seems that the best efficiency is achieved by providing large openings and 

allowing for mild crushing and cracking of the concrete slab, which in turn 

provides a supplementary energy dissipation mechanism along with hysteretic 

energy dissipation due to the attainment of early plastic deformations around the 

web openings (Vierendeel mechanism). The best efficiency was defined by 

scrutinizing the pattern and intensity of the crushing and cracking in the slab of 

each specimen while considering crucial factors such as energy dissipation and 

ductility. This approach can be applied to RWS connections with low and high 

composite action. 
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Figure 3.33: Concrete slab cracking and crushing patterns for 
different RWS connections. 
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3.5.5 Contribution of composite action  

The contribution of low and high composite action to the overall strength capacity 

is shown in Table 3.7. The average contribution values for specimens with low 

composite action are 17% and 7.8%, for sagging and hogging moments, 

respectively. While for those with high composite action, the average values are 

37% and 23.5% for sagging and hogging moments, respectively. This hints that 

composite action keeps contributing to the overall moment capacity even if the 

reinforced concrete slab is extensively cracked and crushed. Thus, it could lead 

to the strengthening rather than weakening of the connection if it is not properly 

accounted for. Thus, understanding the composite action effect on the seismic 

performance of the connections is very important for accounting for overstrength 

in both erection of new buildings and seismic retrofit. 

The RWS models with low composite action have a low contribution of composite 

action to the overall strength capacity, ranging between 2.7% and 25.8 (Table 

3.7). This is an advantage to those specimens in terms of the ease of predicting 

the strength capacity, which would be based on the plastic bending capacity of 

the bare steel beam section. For RWS models with high composite action, the 

contribution of composite action to the overall strength capacity ranged between 

6.9% and 74.9%, noticeably higher. Consequently, ignoring slab effects in the 

design of RWS models where high composite action is allowed, can lead to 

unsafe design.  

Interestingly, cracking and crushing of concrete were observed to be lower for a 

perforation size of 0.8h than what was registered for perforation sizes equal to 

0.65h and 0.5h (Figure 3.33). Albeit explicit consideration of the slab in design 

NR-C-H 

NR-C-L 

Figure 3.34: Concrete slab cracking and crushing patterns for different 
solid webbed-beam connections. 
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may lead to a slight reduction of damage within it, the main reason for doing it is 

to preserve the strong column-weak beam design paradigm. 

3.6 Discussion 

Results indicate that composite RWS connections offer a large deformation 

capacity, of 4% interstorey drift, while keeping a moment capacity of at least 80% 

of the peak value, without inducing damage to columns and joints. Particularly, 

tearing of structural elements is prevented, being the most relevant non-ductile 

phenomena failure of bolts in the beam-column connection and shear transfer 

studs between the slab and the beam.  

It was found that achieving the full nominal resistance of the composite section, 

which would be theoretically expected to be around twice the bare steel section 

capacity, proved unlikely. While specimens achieved peak resistances close to 

this value under cyclic loading (Table 3.6 𝑴𝒇 𝑴𝒑𝒍,𝑹𝒅⁄ ), they typically reached a 

maximum of 1.4 times the nominal capacity. This was observed when shear 

transfer studs were placed in the protected zone (i.e., high composite action). 

This large divergence can be explained by the characteristics of the reversible 

deformation demand being imposed on the model. Reversion of strains within the 

beam compromises its capacity to endure compressive actions when compared 

to a slab that doesn’t go through it. Crushing becomes more likely after tensile 

cracking in previous cycles. Consequently, it is possible that maximum moment 

capacity becomes closer to what is expected for the full composite section if 

monotonic loads are imposed instead. 

On the other hand, the numerical model supports the idea that decoupling the 

beam and the slab (i.e., non-composite) is a sensible approach for limiting non-

linear action outside the protected zone. Moment capacity approaches the 

nominal capacity of the beam, even allowing for a 20% lower value for the 

sagging moment. This is expected as the slab offers an additional constraint for 

local buckling when a sagging moment is imposed, while the likelihood of out-of-

plane deformation increases when compression is observed in the bottom flange 

when the moment reverses. 

Comparatively, best results are obtained for fully coupled RWS beam -to- column 

connections of 80% of the beam height, and spacings between the perforation 

and the column face between one perforation diameter and one time the beam 

height, which is in accord with specifications SCI P355 guidance (Lawson and 

Hicks, 2011). For these conditions, represented by specimens R-C-H-80-100S 

and R-C-H-80d-80S, the connection reaches the highest ratio between peak 

moment capacity and the nominal moment resistance of the bare steel reduced 
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section (1.48 for the sagging moment, and 1.20 for the hogging moment for the 

first while 1.42 and 1.06 for the latter); being both able to accommodate 6% 

interstorey drifts. Albeit, resistance is not symmetrical, differences amongst 

sagging and hogging moments are half of what is expected for the bare steel 

reduced section, allowing for a more stable behaviour when subjected to large 

displacement demands. This is particularly relevant for the retrofitting of new 

buildings as decoupling of slabs and beams could be avoided, focusing instead 

on making perforations solely on the beam’s web. This will reduce costs and 

speed up work.  

The advantages of limiting composite action only to the protected zone are not 

clear in terms of diminishing concrete cracking. Results indicate that despite this 

course of action, tensile cracking on the slab is as extensive as to what is 

observed for the fully composite action, but maximum achieved moments are 

lower. Clearly, studs outside the protected zone induce at least partial strain 

compatibility between the slab and the beam; which leads to this undesired 

outcome. Also, complete avoidance of composite action is feasible, as done with 

other structural engineering solutions (Zhang and Ricles, 2006a; Zhang and 

Ricles, 2006b; Lee et al., 2016). However, the elimination of composite action (no 

holding) over the plastic zone in the RWS connections, led to the standard 

formation of the Vierendeel mechanism, like the case of bare steel beams. On 

other hand, RWS connections with high composite action have shown different 

behaviour due to the high contribution of the composite slab to the overall 

strength. Hence, the use of low composite action is preferable to avoid high strain 

demand on the bottom flange of the beam as well as cracking and crushing of 

the concrete slab, whilst it does not jeopardize the strong column-weak beam 

paradigm, following what is observed in US Standards and practice using 

reduced beam section (RBS) connections.  

Thus, the general rules for all types of non-dissipative connections in dissipative 

zones of the structure specified at (ANSI/AISC 341-16, 2016) can be applied to 

bolted extended end-plate RWS connections as follows:  

𝑴𝒋,𝑹𝒅 ≥ 𝟏. 𝟏. 𝜸𝒐𝒗. (𝑴𝒑𝒍,𝑹𝒅,𝑹𝑾𝑺 +  𝑽𝑬𝒅 . 𝑺)  (3.6) 

Where 𝑀𝑗,𝑅𝑑 is the design resistance of the joint, 𝛾𝑜𝑣 = 1.25 (the overstrength 

factor), 𝑉𝐸𝑑 is the shear force corresponding to the formation of a plastic hinge in 

the connected beam, 𝑆 = is the end distance between the connection face and 

the centerline of the web opening.  
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3.7 Summary 

A high-definition finite element model was calibrated considering cyclic tests 

performed on full-section beams with composite slabs, designed to attain high 

ductility. The calibration of the model allowed for parametric assessments of the 

behaviour of composite beam-column joints with reduced web section beams. 

The focus was made on the diameter opening (0.8, 0.65 and 0.5 times the beam 

height); the distance from its centre to the column face (1.2, 1.0, 0.8 and 0.5 times 

the beam height) and the absence and presence of composite action over the 

protected zone  

All assessed specimens achieved an interstorey drift of 4%, showcasing stable 

hysteresis cycles without pinching or residual deformations in a particular 

direction when subjected to symmetric cyclic loads. The great majority (84%) of 

specimens reached an interstorey drift of 6%. Tearing of columns, joints and 

beams was adverted, being the most critical failure mode the failure of shear 

studs between the slab and the beam and the tearing of bolts in the end-plate 

connection. In certain cases, bolt failures in the end plate were observed. 

However, this happened for drift demands in excess of 4% and they could be 

avoided by adjusting capacity design principles for these novel connections. 

Thus, they can be potentially used in special moment frames as specified in AISC 

341 (ANSI/AISC 341-16, 2016). 

The moment capacity of the full composite section ranges between 1.9 and 2 

times the capacity of the bare steel section for all cases studied. The RWS 

connections achieved peak moment capacities significantly lower than what is 

expected for full composite beam-slab action. At most, the peak moment reached 

1.5 times the nominal moment capacity of the bare RWS steel section (
𝑀𝑜

𝑀𝑝𝑙,𝑅𝑑,𝑅𝑊𝑆
), 

reaching an average of 1.36 times in specimens where the perforation was 80% 

of the beam’s height; particularly, when full composite action was enforced for 

sagging moment. For the hogging moment, values close to 1.09 times the 

nominal capacity are observed. When composite action is restricted, moment 

capacity ranges between 1.06 for the sagging moment and 0.9 for the hogging 

moment. It must be stressed that these results are observed for cyclic demands, 

and consequently there is a reversion of strains within the slab, which can 

compromise its capacity to sustain extensive compression. Contrarily, for 

monotonic loads, strains don’t reverse within it and consequently larger peak 

moments could be achieved.  

Thus, numerical simulations hint that RWS connections could be an option for 

both retrofitting existing structures and new buildings, even when extensive 

deformation capacity is required. Moreover, the limited increase in moment 
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capacity due to the slab effect indicates that coupling of the slab and the beam 

have a less critical effect compared to what is observed for beams without 

perforations, hence providing a cap on overstrength phenomena. This is highly 

desirable for retrofitting existing structures where decoupling of both the slab and 

the beam could not be feasible. Based on this study, the design of a composite 

bolted extended endplate RWS connection for rehabilitation or a new seismic 

connection should be based on the nominal plastic bending capacity of the 

reduced steel beam 𝑴𝒑𝒍,𝑹𝒅,𝑹𝑾𝑺, similar to what is observed for the design of an 

RBS connection. 
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Chapter 4  

Experimental Investigation  

4.1 Introduction 

The present chapter extends work done in Chapter 3 and by Shaheen et al. 

(2018) that showcased the potential of such structural fuses and their suitability 

for seismic applications. This paper goes a step further by experimentally 

investigating the effects of the presence of bolted shear studs on the cyclic 

behaviour of composite reduced web section (RWS) connections, aiming to 

augment available data to expand on the current status quo.  

The use of bolted shear studs could overcome the obstacle of replacing damaged 

beams in the aftermath of moderate earthquakes. Albeit they are not as ductile 

as other shear transfer solutions, they maintain their integrity and impede 

extensive deformation of the contact between slab and beam. Hence, such 

demountable bolts have been introduced as practical alternatives to traditional 

solutions for facilitating beam decoupling from slabs, and enabling reuse 

(Moynihan and Allwood, 2014; Ataei et al., 2016; Ataei et al., 2017; Liu et al., 

2017; Yang et al., 2018; Sencu et al., 2019; Ataei et al., 2019; Girão Coelho et 

al., 2020; Chiniforush et al., 2021). The combination of structural fuses, namely 

RWS, bolted end-plate connections (Tartaglia et al., 2019) and bolted shear studs 

may provide a cost-effective structural system for speedy seismic rehabilitation. 

Henceforth, one of the goals of this study is to assess if the provision of bolts to 

connect beams and slabs is robust enough to prevent extensive deformation of 

the beam/slab contact and allow for practical separation of both elements during 

the replacement of damaged parts whilst temporary support is provided.  

This chapter describes the arrangement of the experimental works, the test 

apparatus, and the investigation results into the performance of steel-concrete 

composite reduced web section (RWS) connections subjected to cyclic loading. 

It also describes the design of the specimen, the test setup details, the loading 

protocol, the specimens’ details, instrumentation and interpretation of the test 

results, and the test observations and results. 
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4.2 Experimental work 

4.2.1 Design and details of the composite connection specimens 

In this test campaign, cyclic load testing on full-scale specimens of four identical 

steel-concrete composite connections in terms of sizes and material (Table 4.1 

and Figure 4.1). Summary of specimen characteristics and material nominal 

capacities are provided in Tables 4.1 and 4.2. All specimens represented an 

exterior unstiffened extended end-plate connection in a moment-resisting frame 

(MRF).  

 

Table 4.1: Specimen test matrix. 

Specimen ID 
Solid 

Specimen 

RWS-L-

retrofit* 

RWS-

L 
RWS-H 

Connection Type EEP EEP RWS 

Composite action Low (L) High (H) 

𝒅𝒐 
- 

0.8ℎ 0.8ℎ 0.8ℎ 

𝑺𝒐 1ℎ 0.8ℎ 0.8ℎ 

𝑴𝒄,𝑹𝒅 (kNm) 300.2 

𝑴𝒑𝒍,𝒂,𝑹𝒅 or 𝑴𝒑𝒍,𝑹𝒅,𝑹𝑾𝑺 (kNm) 300.2 257.1 

𝑴𝒄,𝑹𝒅 𝑴𝒑𝒍,𝒂,𝑹𝒅⁄  1 1.17 

Joint Category 
Partial-

strength 
Full-strength 

Primary and secondary beams 305x165 UB 54 

Column 305x305 UC 198 

Extended end-plate (EEP) 480x280x20 mm 

Bolts 
M27 Gr. 10.9 with preloading force of 

321 kN 

Slab 140 mm 

Metal deck ComFlor 60 

Two rows of bolted shear 

connector 

M20x160 mm - Gr. 8.8 with preloading 

force of 40 kN 

# of rows of bolted shear 

connectors 
6 7 

Mesh A393 Φ10-200x200 mm 

Note: ℎ = height of the beam; 80d = means the diameter of the web opening is 
equal to 80% of ℎ; 80S = means the end-distance is equal to 80% of ℎ. * A web 
opening was created into the solid specimen and then retested for rehabilitation 
purposes. 𝑀𝑐,𝑅𝑑 = joint capacity. 𝑀𝑝𝑙,𝑅𝑑,𝑅𝑊𝑆 = the nominal plastic bending 

capacity for the steel section with a web opening = 𝐹𝑦,𝑏 (𝑊𝑝𝑙,𝑦,𝑏 −
𝑑𝑜

2.𝑡𝑤,𝑏

4
). 
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Figure 4.1: Dimensions of test specimens (mm). 
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Table 4.2: Nominal capacities specimens. 

Specimen 

steel 
section / 

composite 
section 

Moment resistance 
(kNm) Shear 

resistance 
𝑽 𝒐,𝑹𝒅 (kN) 

Vierendeel 
bending 

resistance 
𝑴𝑽,𝑹𝒅 (kN) 

+ve 
(upward) 

-ve 
(downward) 

Solid 
Specimen 

𝑴𝒑𝒍,𝒂,𝑹𝒅  300.3 300.3 545 - 

𝑴𝒑𝒍,𝑹𝒅  499.6 385.6 545 - 

RWS-L-
retrofit 

𝑴𝒐,𝒂,𝑹𝒅  265.3 257.1 142.9 10.42 

𝑴𝒐,𝑹𝒅  265.3 257.1 156.7 11.64 

RWS-L 
𝑴𝒐,𝒂,𝑹𝒅  265.3 257.1 142.9 9.97 

𝑴𝒐,𝑹𝒅  265.3 257.1 156.7 12.56 

RWS-H 
𝑴𝒐,𝒂,𝑹𝒅  265.3 257.1 142.9 18.14 

𝑴𝒐,𝑹𝒅  272.4 257.1 156.7 20.13 

Note: 𝑀𝑝𝑙,𝑎,𝑅𝑑  and 𝑀𝑝𝑙,𝑅𝑑 = plastic moment resistance of steel and composite 

solid webbed beam, respectively, according to Eurocode 3 (CEN, 2005a) and 
Eurocode 4 (CEN, 2005c). 𝑀𝑜,𝑎,𝑅𝑑  and 𝑀𝑜,𝑅𝑑 = plastic moment resistance of 

steel and composite solid webbed beam, respectively, according to SCI P355 
guidance and SCI P428 guidance (Girão Coelho et al., 2020). 

 

The specimens were designed based on the nominal plastic bending 

capacity 𝑴𝒑𝒍,𝒂,𝑹𝒅, of the connected steel solid-webbed beam of a partial-strength 

connection without considering the composite action contribution in accordance 

with Eurocode 3, Eurocode 4 and Eurocode 8 (CEN, 2005a; CEN, 2005b; CEN, 

2005c; CEN, 2005d). The incorporation of web opening makes the connection go 

from partial- to full-strength as the capacity of the connected steel beam is 

reduced. Steel-concrete composite RWS connections complied with SCI P355 

guidance and SCI-P428 guidance (Girão Coelho et al., 2020) terms of end-

distance, diameter and bolted shear studs.  

The first composite specimen was a partial-strength extended end-plate 

connection with a solid-webbed beam (hereinafter referred to as the solid 

specimen). The solid specimen was subjected to cyclic loading, until it reached 

close to 70% of its positive/sagging moment capacity, thus simulating the effects 

of moderate seismicity over time, for rehabilitation purposes. Then, a web 

opening was created, and the specimen was re-tested. It is worth mentioning that 

the beam was perforated off-site, so the composite slab was dismantled and new 

M27 bolts were provided.  

The re-tested (second) specimen is referred to as the RWS-L-retrofit specimen 

which was the second specimen to be tested. This allows for benchmarking the 
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effects of residual strains and stresses induced by previous earthquake events. 

The other two specimens were steel-concrete composite RWS connections. The 

difference between them is the presence or absence of bolted shear studs above 

the web opening (i.e., composite action).  

The presence/absence of bolted studs above the web opening was used to 

classify the specimens as having high (H) or low (L) composite action according 

to Eurocode 8-1 clause 7.7.5 and ANSI/AISC 358-16 (CEN, 2005d; ANSI/AISC 

358-16, 2016) as shown in Figure 4.1. All four specimens had a 25 mm gap 

between the connection’s components and reinforced concrete (RC) slab, to 

avoid the crushing and cracking of the concrete following ANSI/AISC 358-16 and 

Eurocode 8-1 clause 7.7.5(2) (CEN, 2005d; ANSI/AISC 358-16, 2016). 

A cantilever testing setup was selected to benchmark behaviour. This was 

accomplished by providing a strong stocky column in such a way that its 

deformation is negligible. The highly ductile beam section was chosen based on 

the width-to-depth and span-to-depth ratios according to seismic provisions 

ANSI/AISC 341-16 and 358-16 (ANSI/AISC 341-16, 2016; ANSI/AISC 358-16, 

2016) and in such way that is was feasible to test them the available facilities.  

4.2.2 Specimen preparation  

The specimens were fabricated and cast by the supplier. The steelwork (welding 

and drilling) was carried out by the steel fabrication company. The diameter of 

the pre-drilled holes in the end plate was 30 mm, which provided a clearance of 

3 mm for the M27 bolts, according to CEN (2011). The diameter of the pre-drilled 

holes in the beam top flange was 21 mm, which provided a clearance of 1 mm 

for the M20 bolted shear connectors, according to SCI P428 (Girão Coelho et al., 

2020). A clearance of 1 mm was provided for the bolted shear connectors to 

minimise slippage (Girão Coelho et al., 2020). The clear height of shear 

connectors above the beam flange was equal to 100 mm, as recommended in 

SCI P428 (Girão Coelho et al., 2020) (Figure 4.2). The preloaded M27 Grade 

10.9 bolts were tightened using a torque wrench, according to EN 1090-2 (CEN, 

2011), to obtain a preloading force of 321 kN and the demountable M20 Grade 

8.8 bolted shear connectors with double nuts were tightened to 100 Nm. This 

torque value was taken from Moynihan and Allwood (2014) to ensure the bolted 

shear connectors would be within an elastic range and could be utilised for 

another cycle of use. 
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The shuttering and formwork for the specimens are shown in Figure 4.3. The 

composite beams were cast on their own without a column or secondary beams. 

They were assembled in the laboratory, as the column and secondary beams 

were designed to be free of damage and to work as a support system. Ready-

mix concrete was used and was cast for all the specimens at the same time. 

Cubes and cylinders were prepared from the same ready-mix concrete used for 

the specimens. The ready-mix concrete class was 25/30, with a maximum 

aggregate size of 20 mm with a 140-mm slump. 

 

 

 

Figure 4.2: The height of the bolted shear 
connector above the top beam flange (mm) 

Figure 4.3: Shuttering of test specimen. 
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4.2.3 Test setup and loading protocol 

The test setup consisted of a full-scale one-sided composite extended end-plate 

RWS connection (see Figures 4.4 – 4.6). The experimental works were carried 

out on the strong floor at the Heavy Structures Laboratory in the School of Civil 

Engineering at the University of Sheffield. The test setup was designed to 

minimize deformation contributions from the column. Thus, the back, top and 

bottom of the strong column were fixed within the testing rig frame. Loading plates 

were used to on-site weld the specimens to the actuator due to the height 

limitation of testing the rig frame, which would lower the head of the actuator 

below the beam.  

 

 

 

 

Figure 4.4: Experimental test setup – side view. 
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 Figure 4.5: Experimental test setup – side view (mm) 
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Figure 4.6: Experimental test setup – front and top view (mm) 

 



104 
 

The concrete slab provides additional lateral support, making the use of lateral 

restraints redundant all over the beam. However, lateral restraints were provided 

at the point of the actuator connection, to set boundary conditions that resemble 

what is generally expected in buildings. The distance between the column face 

and the actuator loading point was 2818.5 mm. A two-way actuator of 130 

kN capacity (i.e., upward and downward) was used to apply a cyclic load at the 

beam tip.  

The cyclic quasi-static test followed the loading protocol in the AISC Seismic 

Provisions for qualifying the RWS connection for special and intermediate MRFs, 

as shown in Figure 4.7 (ANSI/AISC 341-16, 2016). This loading protocol was 

selected for two reasons. Namely, it was used in the research campaign by SAC 

Joint Venture to prequalify the seismic connections (FEMA 350, 2000; 

ANSI/AISC 358-16, 2016) and its wide acceptance in the research community. 

The cyclic tests were under displacement control with a loading rate of 0.5 mm/s. 

This low loading rate was chosen to allow for the evaluation of structural 

behaviour in the post-elastic range, as it can track softening behaviour and 

various damaging states of interest and avoid dynamic effects.  
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Figure 4.7: Cyclic loading protocol. 
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4.2.4 Instrumentation 

The general instrumentation layout for the test setup is shown in Figure 4.8. Each 

specimen was calibrated to measure the strain, rotation, displacement, and load 

at various locations. Instruments such as strain gauges (SG) and rosettes (RG), 

angular displacement transducers (RT), linear variable differential transformers 

(LVDT) and load cells were installed at the regions of expected inelastic 

deformations, deflection, and slippage. The instruments were connected to the 

data logger.  
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The actuator was provided with a calibrated load cell to enable the total applied 

load at the end of each beam to be measured. The measurement of this force 

enables the beam moment to be determined. SGs were also placed at the top 

and bottom of the extended endplates to measure the strain. The web and bottom 

flange of the beams were mounted by SGs in several locations (near and far from 

the connection face). This helped to monitor the stress/strain concentration along 

the beams. RGs were mounted in the vicinity of the web openings to measure 

the stress distribution in the RWS connections and understand their failure 

mechanisms.  

Deformation of the panel zone was not allowed as the specimens were designed 

using a strong column-weak beam concept, which means the panel zone should 

remain elastic. Hence, LVDTs were placed at the column ends to capture any 

potential displacement. This helped to evaluate the rigidity of the fixed supports. 

In addition to the internal displacement measurement of the actuator, the 

following LVDTs and RT were also placed: 

• Two horizontal LVDTs (L1 and L2) to measure the end-plate 

slip/deflection. 

• Two vertical LVDTs (labelled L3 and L4) to measure the web openings 

deflection. 

• One horizontal LVDT (L5) to measure the composite slab slip. 

• Two vertical LVDT (L6A and L6B) at beam tip to compare the actuator 

displacement and to evaluate if any slippage or failure would occur in the 

loading plates. 

• Two horizontal LVDTs (L7 and L8) to measure any possible movement of 

the column. 

• Two RTs (R1 and R2), to measure the total rotation of the beam at the 

connection region in the case of R1, while in R2, the rotation of the beam 

end was measured. 

• R3 was mounted to measure any possible rotation of the panel zone. 
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4.2.5 Interpretation of the test results 

This section describes the test data interpretation of the different beam-to-column 

subassemblies. The specimen behaviour was presented by various parameters, 

such as applied load, beam displacement, connection rotation, beam rotation and 

energy dissipation. Global hysteretic behaviour was represented by a plot of the 

applied moment at the column face (M) versus the total rotation (θtot). M was 

calculated by the load applied (P) at the actuator multiplied by the span from the 

column face to the centre of the actuator. The total rotation of the connection (θtot) 

is the sum of the extended end-plate (EEP) rotation (θEEP), RWS rotation (θRWS) 

and beam rotation (θbeam), as shown in the following equation 4-1. 

𝜃𝑡𝑜𝑡  =  𝜃𝐸𝐸𝑃  +  θ𝑅𝑊𝑆  +  θ𝑏𝑒𝑎𝑚 Eq. (4-1) 

The extended end-plate rotation was obtained through L1 and L2 installed at the 

top and bottom of the extended end plate divided by the distance between them 

(𝑍), as in the following equation: 

The RWS rotation (θRWS) was determined by the following relationship:  

θ𝑅𝑊𝑆 =
∆𝐿4− ∆𝐿3 

𝑧𝑅𝑊𝑆
    Eq. (4-3) 

Finally, the beam rotation (θbeam) was obtained through the following relationship: 

θ𝑏𝑒𝑎𝑚 =  
∆𝑎𝑐𝑡𝑜𝑡𝑜𝑟 

𝑠𝑝𝑎𝑛
    Eq. (4-4) 

 

The ductility and energy dissipation are key behaviour measurements to evaluate 

the connection performance under seismic loads. These measurements can be 

evaluated from the moment-rotation (M-R) hysteresis curves under gradually 

increased cyclic load. The ductility ratio (𝐷𝜃 ) is defined as 
𝜃𝑢

𝜃𝑦
⁄ , where 𝜃𝑦 is the 

rotation corresponding to the yield point, and 𝜃𝑢 is the ultimate rotation 

corresponding to the ultimate point on the M-R curve. The energy dissipation was 

calculated by summing up the area under the M-R hysteresis loop of the whole 

cycles. 

Figure 4.9 shows the change in steel stress-strain relationship (Hibbeler, 2017) 

and the change in stress distribution through the composite cross-section from 

elastic to plastic stress blocks (Davison and Owens, 2012). It is assumed that the 

composite beam bottom flange is fully yielded when its strain reaches 5𝜀𝑦, where 

𝜀𝑦 is the yield strain for steel grade S355 (Davison and Owens, 2012). In this 

case, the positive moment reaches nearly 95% of the plastic moment capacity of 

the composite cross-section. Hence, the recorded strains from the tests were 

θ𝐸𝐸𝑃 =  
∆𝐿2− ∆𝐿1 

𝑍
    Eq . (4-2) 
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interpreted based on these figures to understand the behaviour and failure modes 

of the specimens. 

 

 

4.2.6 Material properties 

The mechanical properties of the steel beam (305x165 UB 54) grade S355 were 

obtained through monotonic coupon tensile testing. The test coupon was 

prepared according to BS EN ISO 6892-1 ( 2009). The tensile coupon dimensions 

are shown in Figure 4.10. Three of the coupons were cut from the flanges and 

three were cut from the web. The test coupons were tested using universal testing 

machine available at the structural laboratory of University of Leeds. The stress-

strain curves of the steel section coupons are shown in Figure 4.11. The concrete 

strength of the compression cylinder tests was determined at 7-day, 14-day and 

28-day. The average values of the three compression cylinder tests of RWS-L 

and RWS-H specimens are shown in Table 4.3. 

 

 

 

Figure 4.9: Elastic, elastic-plastic and plastic stress distributions in a 
composite section (Davison and Owens, 2012). 

Figure 4.10: Coupon details. 
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Table 4.3: Concrete compressive cylinder strengths 

 

  

Designation 
Compressive Cylinder Strength (MPa) 

Sample 1 Sample 2 Sample 3 Average 

RWS-L 31.8 31.3 30.7 31.3 

RWS-H 29.3 32.1 24.8 28.7 

Note: The concrete class is C25/30. 

Figure 4.11: : Stress-strain curves of steel section coupons. 



110 
 

4.3 Experimental results 

4.3.1 Solid connection (no web opening)  

The solid connection specimen followed the loading protocol until reaching an 

imposed chord rotation of 0.02rad in both directions. At these points, the solid 

specimen reached 70% and 80% of its positive and negative moment capacities, 

respectively (Figure 4.12 and Table 4.4). The stiffness degradations in both 

directions were less than 20%. No signs of plastic deformation were observed, 

either through visual inspection, or measurements by strain gauges. This is a 

likely outcome of the RC slab’s contribution to increasing the strength of the 

connection for hogging moments. At most two lines of micro-cracks within the 

concrete slab were recorded, as shown in Figure 4.13. Clearly, the onset of 

yielding in the solid specimen was reached without extensive plastic actions as 

illustrated in Figure 4.9. All the other steel elements including the demountable 

bolted shear studs were damage-free. Consequently, the composite slab was 

disconnected from the beam to create a web opening to simulate a retrofit 

procedure. Hence, this leads to the RWS-L-retrofit specimen, as shown in in 

Figure 4.14.  

 

 

 

  

Figure 4.12: Moment-Rotation curve solid connection specimen. 
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Table 4.4: Results Summary. 

  Solid 
RWS-L-
retrofit 

RWS-L RWS-H 

M at column face 𝑴𝒇 (kNm) 
+ve 347 340.2 339.4 328.7 

-ve -306.7 -318.5 -293.4 -290.3 

M at opening centreline 𝑴𝒐 
(kNm) 

+ve - 300.3 307.1 290.1 

-ve - -281.2 -265.4 -256.2 

𝑴𝒇 𝑴𝒑𝒍,𝒂,𝑹𝒅⁄  steel section 
+ve 1.16 1.13 1.13 1.09 

-ve -1.02 -1.06 -0.98 -0.97 

𝑴𝒇 𝑴𝒑𝒍,𝑹𝒅⁄  composite 

section 

+ve 0.71 0.69 0.69 0.67 

-ve - ve 𝑴𝒇 𝑴𝒑𝒍,𝑹𝒅⁄  steel section 

𝑴𝒐 𝑴𝒐,𝒂,𝑹𝒅⁄  steel section 
+ve - 1.17 1.19 1.13 

-ve - -1.09 -1.03 -1.00 

𝑴𝒐 𝑴𝒐,𝑹𝒅⁄  composite 

section 

+ve - 1.13 1.16 1.06 

-ve - ve 𝑴𝒐 𝑴𝒐,𝒂,𝑹𝒅⁄  steel section 

𝜽𝒖 (rad) 
+ve - 0.0499 0.0499 0.0499 

-ve - -0.0499 -0.0498 -0.0499 

𝜽𝒚 (rad) 
+ve 0.0201 0.0180 0.0174 0.0168 

-ve 
- 

0.0196 
-0.0169 

-0.0150 -0.0148 

𝑴𝒚 (kNm) 
+ve - 323.9 324.1 318.2 

-ve - -294 -279.5 -185.2 

Ductility 𝑫𝜽 = 𝜽𝒖 𝜽𝒚⁄  
+ve - 2.39 2.91 2.82 

-ve - -2.39 -3.46 -3.14 

Dissipated energy 
(kN.m.rad) 

+ve - 35.20 34.87 34.42 

Note: 𝑴𝒇 is the applied moment at the column face. 𝑴𝒐 is the applied moment 

at web opening centreline. 
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4.3.2 Yielding mode 

The development of yielding and plastic hinges in all three RWS connections is 

presented in Figures 4.15 – 4.17. It is worth reiterating that in this study, low 

moment side (LMS) and high moment side (HMS) depend on the global applied 

moment, for instance, the edge of a web opening subjected to lower global 

moment is LMS (see Figure 4.18). Additionally, each side consists of bottom and 

top Tee-sections.  

Figure 4.13: Observed crack pattern in Solid connection specimen (mm). 

Figure 4.14: Disconnecting the composite slab of the solid specimen to 
be reused for the next test. 
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Figure 4.15: Distribution of strain intensity for RWS-L-retrofit connection 
(N.A. = Not Available due to the loss of the strain gauge during the test). 
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Figure 4.16: Distribution of strain intensity for RWS-L connection. 
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Figure 4.17: Distribution of strain intensity for RWS-H connection. 
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Recorded strains in the vicinity of the web opening in all RWS connections are 

larger in the LMS than in the HMS. In RWS-H only, the strain demand at LMS 

was significantly higher than that at HMS. This was attributed to the composite 

beam-slab engagement as the shear transfer bolts were placed off-centre over 

the LMS of the web opening thereby increasing the strain demand on the Tee-

sections of the LMS. Consequently, yielding initiated earlier in RWS-H at the 

bottom Tee-section of the LMS than the other RWS connections during the first 

cycles of 0.01rad (sagging) as illustrated in Figures 4.15 - 4.17. However, the 

web opening exhibited extensive load redistribution from LMS to HMS in all RWS 

connections. This can be observed where the Tee-sections of the HMS in all three 

RWS connections reached yielding before the first two cycles of 0.02rad.  

The web opening experienced large deformation in all three RWS connections 

when subjected to 0.03rad rotation cycles. The first plastic hinges formed in all 

three RWS connections at the top tee section of LMS. Particularly, in RWS-H, 

(see Figure 4.19a) there were peeling and hairline cracks starting at the edges of 

the web opening on the top Tee-section at the LMS.  

In all RWS connections, during the first cycle of 0.03rad, the beam top and bottom 

flanges (above and below the web openings) began to buckle locally when in 

compression and straighten out when in tension. This behaviour persisted until 

the 0.04rad rotation cycles. This indicates that four plastic hinges around the web 

opening occurred (Vierendeel mechanism). Hence, the Vierendeel mechanism 

was fully developed, allowing for local buckling of the beam in both its top and 

bottom flanges. It could be concluded that the local yielding of Tees (ductile 

failure) led to favourable behaviour instead of simple shear failure at the web 

opening, in all RWS specimens.  

 

 

Figure 4.18: High and low moment sides. 
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a) Steel peeling off 
during 4% rotation. 

b) Vierendeel 
mechanism. 

c) Bolted studs’ failure. d) Cracks. 

Figure 4.19: The failure modes of RWS-H connection. 
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4.3.3 Hysteretic response  

The hysteresis curves for all RWS connections are presented in Figures 4.20 – 

4.22. Provision of stable hysteresis cycles with a high energy dissipation capacity 

at well-defined plastic hinge locations, is fundamental for resilient structural 

behaviour during and in the aftermath of earthquakes (Bernuzzi et al., 1996). In 

this study, RWS connections behaved as expected in terms of attaining ductility, 

mitigating the cracks of concrete slabs, and sustaining higher moments than the 

bare steel beam’s full plastic moment (𝑀𝑝𝑙) at 4% rotation in both directions. Thus, 

all RWS connections were capable of achieving at least an interstory drift larger 

than 4%, thereby complying with performance targets set up in of ANSI/AISC 

358-16, ANSI/AISC 341-16 and the Eurocode 8 (CEN, 2005d; ANSI/AISC 341-

16, 2016; ANSI/AISC 358-16, 2016). It must be stressed that rotation capacity is 

expected to be larger when deployed in moment-resisting frames due to column 

flexibility.  

 

 
Figure 4.20: Hysteretic curves for RWS-L-retrofit connection. 
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Figure 4.21: Hysteretic curves for RWS-L connection 

Figure 4.22: Hysteretic curves for RWS-H connection. 
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Round hysteresis cycles without pinching were observed for all RWS 

connections. They are the outcome of early local yielding in the vicinity of the web 

opening, thus, leading to the redistribution of the global actions from LMS to HMS. 

This redistribution is due to inelastic stresses being concentrated around the web 

openings, inducing the occurrence of the Vierendeel mechanism in the weakened 

area of the beam rather than failure within its non-ductile components. Such a 

mechanism caps the shear forces that can be transferred outside protected 

zones, in close alignment with capacity design principles.  

It was expected that the extra row of studs over the protected zone would lead to 

early yielding and early failure due to increased stress/strain demand on the 

bottom flange (Lee et al., 2016). However, energy dissipated well through the 

Vierendeel mechanism in RWS-H, despite earlier crack initiation in the vicinity of 

the web opening. This was attributed to the capability of the web opening for 

redistribution of local forces, counterbalancing the increased stress/strain 

demand on the bottom flange that led to quick initiation of a crack in the vicinity 

of the web opening.  

Unexpectedly, RWS-H demonstrated lower moment capacity compared to the 

identical specimen RWS- L (Table 4.4). The extra row of bolted shear studs 

should have led to a higher moment capacity of the RWS-H specimens when 

compared with their counterparts. Instead, it increased the stress/strain demand 

in the top Tee-section Figure 4.22, leading to an earlier onset of yielding in the 

top Tee-section at LMS due to the location of the extra row of bolts above the 

LMS. This can be justified by the fact that the web opening consists of two Tee-

sections (top and bottom sections) with similar local behaviour under the same 

global load. Each Tee-section consists of top and bottom parts that exhibit 

compression and tension under the same action over the cross-section, as 

illustrated in Figures 4.23 and 4.24. The location of the studs above LMS led the 

bottom part of the top Tee-section to experience earlier local yielding, which 

eventually induced earlier crack initiation at the LMS as well. This is a plausible 

explanation for the lower moment capacity of RWS-H, as this feature was absent 

in RWS connections without composite action above the web opening.  
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In detail, when subjected to cyclic loading, the top and bottom Tee-sections will 

be subjected to global/cross-section shear and moment, as well as local axial 

forces as shown in Figures 4.24 and 4.25. The behaviour of the top and bottom 

Tee-sections alternates between tension and compression due to the reversible 

actions expected during earthquakes. Any increase in the global moment will 

generate local axial forces in the Tee-sections, decreasing their contribution to 

the capacity of the Vierendeel mechanism (Lawson and Hicks, 2011). An 

increase in the shear force and critical length will lead to larger moments within 

the Vierendeel mechanism.  

When the applied load goes upward, moments within the Vierendeel mechanism 

cause the web of the top Tee-section to undergo tension while the flange-web of 

the top Tee-section exhibits compression at HMS (see Figure 4.24). Under the 

same conditions, the web of the top Tee-section will experience compression 

while the flange web and the top Tee-section will be under tension at LMS. Such 

a complex behaviour can induce early local yielding of Tees before any yielding 

in the connection and column. This early local yielding results in the stretching of 

the opening and local buckling of flanges as shown in Figure 4.24. Both are 

indicators of the formation of the Vierendeel (ductile), mechanism which becomes 

the dominant mechanism rather than simple shear failure at the web opening, 

due to the redistribution of the global actions.  
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Figure 4.24: Force action at web opening without composite action 
above the protected zone. 

Figure 4.25: Force action at web opening with composite action 
above the protected zone. 
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Remarkably, the retrofitted specimen (RWS-L-retrofit), which involved creating a 

web opening, performed as well as the other RWS connections, despite concrete 

cone failure (Figure 4.26b). An additional crack line was observed in the slab of 

RWS-L-retrofit connection (Figure 4.27), in addition to the two lines of micro-

cracks that developed in the solid connection as illustrated in Figure 4.13. These 

two lines of cracks became more visible but did not propagate deeply inside the 

RC slab in the next test of RWS-L-retrofit. While RWS-L and RWS-H specimens 

experienced only micro-cracks. Also, slight separation between the deck and the 

concrete occurred in RWS-L and RWS-L-retrofit (see Figure 4.28). The maximum 

slab slip in all RWS connections at the maximum load was not more than 1.3 mm 

in the positive moment and 1.32 mm in the negative moment. This further 

indicates that significant plastic deformation only occurred in the web opening.  

 

 

 

Figure 4.26: Failure modes of RWS-L-retrofit specimen. 

a) Vierendeel Mechanism. 

c) Top crack at the end of first 
cycle of 0.05 rad (hogging 

moment). 

d) Bottom crack at second cycle 
of 0.05 rad (sagging moment). 

b) Concrete cone failure. 
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Figure 4.27: Observed crack pattern in RWS-L-retrofit connection specimen 
(mm). 
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It seems that both the demountable shear studs and a 25mm gap between the 

RC slab and steel elements played a key role in mitigating RC slab damage, 

along with the plastification of the web opening. This could be due to the hole 

clearance in the steel beam flange which allowed for slippage between the beam 

and the slab, as well as the fact that plastic deformation occurred in the vicinity 

of the web opening. The provision of the entirely disconnected beam-to-column 

joints (i.e., 25mm gap) prevented contact between the RC slab and steel 

elements, thus limiting force transfer between them. Consequently, the expected 

failure mode of a ductile frame strong column-weak beam was observed in all the 

tested RWS specimens (Figures 4.26 and 4.28). 

The demountable composite system was found to be capable of quick 

disassembly, therefore fostering reuse, and/or replacement in case of extensive 

damage observed at the end of the design life or in the aftermath of a large 

earthquake. The nuts were easily demounted using an ordinary wrench; even, if 

there was appreciable bending of the washer, which was the case for the RWS-

H specimen. 

Figure 4.28: The failure modes of RWS-L connection. 

c) Vierendeel Mechanism. 

a) First crack. 

d) Micro-crack and deck 
separation. 

b) Second and third cracks. 
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4.3.4 Expected vs. actual resistances 

4.3.4.1 Capacity design 

The strong-column weak-beam design framework, adopted in both Eurocodes 

and AISC (CEN, 2005b; CEN, 2005d; ANSI/AISC 341-16, 2016; ANSI/AISC 358-

16, 2016) requires that the bending strength of the connection 𝑴𝒋,𝑹𝒅 should be 

stronger than the bending resistance of the connected beam 𝑴𝒑𝒍,𝑹𝒅. In this study, 

the capacity of the connection 𝑴𝒋,𝑹𝒅 that was designed based on the components 

method in Eurocode 3-1-8 (CEN, 2005b) compared to 𝑴𝒑𝒍,𝒂,𝑹𝒅 and 𝑴𝒐,𝒂,𝑹𝒅 are 

shown in Table 4.1. 

The connection to beam capacity ratio 𝑴𝒋,𝑹𝒅 𝑴𝒑𝒍,𝒂,𝑹𝒅⁄  of the solid specimen 

equals one, which falls into the category of partial-strength according to Eurocode 

3-8 (CEN, 2005b). In the equal/partial strength category, the plastic deformations 

occur in both the connection and the beam (Landolfo, 2022). The introduction of 

the web opening (RWS) into the solid-webbed beam reduced the capacity of the 

connected beam. Thus, it increased the connection-to-beam capacity ratio 

𝑴𝒋,𝑹𝒅 𝑴𝒐,𝒂,𝑹𝒅⁄  to 1.17 and altered the connection category from partial to full 

strength.  

The adopted capacity design framework was effective for obtaining the expected 

performance, namely plastic deformations occurred in the web opening only. This 

means that a web opening effectively constrains inelastic action in the protected 

zone, away from the joint plate and the column. Henceforth, providing the web 

opening is a reliable course of action that allows for full-strength connections 

within the strong column/connection weak beam paradigm.  

Ensuring that RWS connections retain their ability to carry gravity forces, even 

after failure, is critical; especially in the aftermath of an earthquake. In this testing 

campaign, a large web opening equal to 80% of the beam depth was tested; this 

exceeds the limitations of the SCI P355 guidance. Moreover, as previously 

mentioned, the rotation capacity is expected to be greater when deployed in 

moment-resisting frames than what was observed in these tests, due to the 

flexibility of the column. As a result, both the column flange and the panel zone 

would contribute to inter-story drift capacity, preventing cracks in the vicinity of 

the web opening. Thus, the post-earthquake capacity (e.g., shear capacity) would 

remain uncompromised, as the Vierendeel capacity of the perforated section has 

not been reached. The potential risks, such as yielding or buckling of the 

remaining web sections and their implications for maintaining structural integrity 

in post-earthquake scenarios, are worth exploring and investigating. 
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4.3.4.2 Connection Design Moment 

Table 4.4 shows the ratios of the applied actions to the design/capacity values. It 

is worth noting that all hogging (-ve) design capacities for all non-composite and 

composite, unperforated and perforated beam sections were based on the steel 

capacities (i.e., 𝑴𝒑𝒍,𝒂,𝑹𝒅 (Eq. 4.1) and 𝑴𝒐,𝒂,𝑹𝒅 (Eq. 4.2) Error! Reference source n

ot found.). For RWS connections, the average ratios based on the nominal 

resistance of steel solid-webbed beam (Eq. 4.1) are +1.12 and -1.00 under 

sagging and hogging moments, respectively. While the average ratios based on 

perforated steel (Eq. 4.2), are +1.16 and -1.04 under sagging and hogging 

moments, respectively. Ratio values greater than 1 denote that the composite 

slab contributes to the overall connection strength.  

It is found that under sagging moment, the composite slab contributes to the 

overall RWS connection strength, regardless of composite engagement. While 

under hogging moments, the contribution of the composite slab was affected by 

the location of the web opening. Therefore, the composite action should be 

considered in the design process due to its contribution. This is because it could 

jeopardize the strong column-weak beam framework, by strengthening rather 

than weakening the beam, if it is not properly accounted for. Further experimental 

and FE investigations are needed to verify the effect of the size and location of 

web openings on the contribution of the composite slab.  

For sagging moments, it can be seen that the plastic stress block method 𝑴𝒑𝒍,𝑹𝒅 

overestimates the actual composite section strength (Table 4.4). While the plastic 

bending resistance of the composite beam section at the web opening 𝑴𝒐,𝒂,𝑹𝒅 

according to SCI P355 guidance, underestimates the actual composite perforated 

beam section strength. In details, 𝑴𝒐,𝒂,𝑹𝒅 based on the SCI P355 guidance 

provides an overstrength by about 12%. While the plastic stress block method 

𝑴𝒑𝒍,𝑹𝒅 does not represent the actual strength and provide less strength than the 

actual one by about 32%. Hence it is important to comprehend the impact of the 

composite engagement on RWS connections to consider the overstrength in both 

new buildings and seismic retrofit. 

Regarding moments within the Vierendeel mechanism, the design method of SCI 

P355 guidance did not accurately predict the actual Vierendeel bending 

resistance of the perforated beam section that was subjected to cyclic loading 

(Table 4.5). Under sagging moment, the applied Vierendeel moments were lower 

than the Vierendeel bending resistance by 26% for RWS connection without 

composite engagement, and by 50% for RWS-H. While under a hogging moment, 

the applied Vierendeel moments were, on average, 28% lower than the 

Vierendeel bending resistance. This also applied to the shear resistance of the 
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perforated sections as per SCI P355 guidance. On average, the applied shear 

forces were 26% and 25% lower than the resistances under sagging and hogging 

moments, respectively. 

 

Table 4.5: Design resistances vs. applied actions. 

RWS connections 
RWS-L-
retrofit 

RWS-L RWS-H 

𝑽𝒐,𝑹𝒅 (kN) 
Steel 142.9 

Composite 161.2 160.5 160.5 

𝑴𝑽,𝑹𝒅 (kNm) 
Steel 18.2 

Composite 18.2 24.5 

𝑽𝑬𝒅 (kN)  
+ve 120.7 120.4 116.6 

-ve -113 -104.1 -103 

𝑴𝑽,𝑬𝒅 (kNm) 
+ve 13.43 13.40 12.98 

-ve -12.58 -11.59 -11.46 

𝑽𝑬𝒅 𝑽𝒐,𝑹𝒅⁄  
+ve 0.75 0.75 0.73 

-ve -0.79 -0.73 -0.72 

𝑴𝑽,𝑬𝒅 𝑴𝑽,𝑹𝒅⁄  
+ve 0.74 0.74 0.53 

-ve -0.69 -0.64 -0.63 

Note: 𝑽𝒐,𝑹𝒅 = shear resistance for perforated section and 𝑴𝑽,𝑹𝒅 = Vierendeel 

bending resistance according to SCI P355 guidance. 𝑽𝑬𝒅 = maximum applied 
shear force in the test. 𝑴𝑽,𝑬𝒅 = applied Vierendeel moment in the test =  𝑽𝑬𝒅 𝒍𝒆. 

Where 𝒍𝒆 is equivalent rectangular opening length. 𝑴𝑽,𝑹𝒅 of RWS-L-retrofit and 

RWS-L for composite sections were based on the steel sections, because there 
was no composite engagement over the opening. For -ve 𝑽𝑬𝒅 𝑽𝒐,𝑹𝒅⁄  and -ve 

𝑴𝑽,𝑬𝒅 𝑴𝑽,𝑹𝒅⁄ , steel section resistances were used (i.e., 𝑴𝑽,𝑹𝒅 for steel and 𝑽𝒐,𝑹𝒅 

for steel). 
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4.3.5 Strain profile across the steel beam bottom flanges  

The strain profiles across the steel beam bottom flanges near the connections 

and below the web openings are presented in Figures 4.29 and 4.30. It is worth 

noting that the yield strain of the steel material in these tests equals 1775𝜇. The 

strain on the bottom flange near the connection for RWS-L-retrofit was beyond 

the elastic limit (in yielding region), but did not reach the plastic region as 

illustrated in Figure 4.9. The highest recorded strain was 2866𝜇 at rotation of 

0.03rad under hogging moments. In contrast, for RWS-L and RWS-H, the highest 

recorded strains on the bottom flanges near the connection were 10936𝜇 and 

11241𝜇 at a rotation of 0.05rad under sagging, respectively. The higher strain 

demands found in RWS-L and RWS-H were approximately 3.8 times those found 

in the RWS-L-retrofit. This was due to the fact that the location of web openings 

was closer to the column face in these two connections. This also implies that the 

strain demand on the bottom flange near the connection was not influenced by 

the composite engagement, given the negligible difference in the strain demand 

observed between RWS-L and RWS-H.  

Regarding the strain demand on the flange below the web opening, the highest 

recorded strain was 7516𝜇 at a rotation of 0.04rad for RWS-L-retrofit. At the same 

stage, the recorded strains were 8524𝜇 and 9122𝜇 at a rotation of 0.04rad in 

RWS-L and RWS-H, respectively. However, the highest recorded strains in RWS-

L and RWS-H were 11907𝜇 and 12821𝜇 at a rotation of 0.05rad under hogging, 

respectively. It was observed that under sagging moments, the strain demands 

on the flange below the web opening did not exceed 3329𝜇 for all RWS 

connections. However, the beam flange below the web opening was in the 

elastic-plastic region during the cycles of 0.03rad. It was worth noting that the 

strain profiles up to the end of the tests across the beam web in all RWS 

connections did not exceed 1603𝜇. 
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Web Opening
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Figure 4.29: Strain profiles for beam bottom flange near the connections. 
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Bottom Beam Flange

SG10
SG9

SG11

Web Opening

Figure 4.30: Strain profiles for beam bottom flange below the web openings. 
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4.4 Summary 

This chapter presents the results of an experimental study on demountable steel-

concrete composite RWS connections to assess their adequacy for use in 

seismic areas. Four demountable steel-concrete composite connection 

specimens that employed RWS were tested under cyclic loading. The key 

differences among the specimens were the presence of bolted shear studs over 

the web opening and the location of the web opening.  

One solid-webbed specimen was tested to examine the structural performance 

of retrofitted connections. This was done by cutting a hole in the web after 

subjecting the specimen to cyclic loads representing moderate seismicity. The 

test results showed that the RWS connections were capable of utilizing the 

perforation’s location in a high shear zone. This resulted in the initiation of local 

yielding in Tee-sections, leading to the dominance of the ductile (Vierendeel) 

failure mode in the connected beam. 

This mechanism is critical to avoid transferring excessive shear forces to the 

components of such connections. The results also underscored that the 

component method approach used in Eurocode 3 for joint design should include 

the effect of web opening on the joint behaviour using the design guidelines of 

SCI P355 guidance (Lawson and Hicks, 2011). This is due to the reliability of the 

occurrence of Vierendeel failure mode. 

All specimens can accommodate at least a 4% inter-story drift ratio. This would 

rank the connections as highly ductile, henceforth allowing for their deployment 

within Special Moment Frames, considering both AISC and Eurocode guidelines.  

The size and location as well as the presence of bolted studs over the protected 

zone influence the strength, rotational capacity, ductility, and energy dissipation 

of RWS connections. Further experimental and numerical studies are needed to 

expand data for potential prequalification in existing and next-generation seismic 

codes for steel design.  



133 
 

Chapter 5  

Parametric Assessments 

5.1 Introduction 

Although physical testing provides more accurate and valuable findings, it comes 

with high costs and is time-consuming. Also, it is impossible to cover the whole 

range of parameters that are needed for a complete investigation in an 

experimental study. Finite element (FE) analysis offers acceptable and practical 

alternatives. However, FE analysis still requires physical testing for 

benchmarking to be employed for further investigations. Therefore, high-fidelity 

FE models were developed to simulate the structural behaviour of the four 

demountable composite RWS connections that were conducted in Chapter 4. 

This chapter investigates the cyclic behaviour of demountable steel-concrete 

composite reduced web section (RWS) connections. The complex hysteresis 

behaviour of bolted extended end-plate RWS connections is a result of multiple 

deformable components, making their prediction challenging. To enhance 

understanding, a high-fidelity FE model was developed, focusing on parameters 

and, specifically, the presence of composite action over the web opening, 

diameter, and the end-distance of the web opening. The study, encompassing 

285 FE models, aims to quantify and assess the hysteretic response 

characteristics of RWS connections. 

Numerical simulation techniques using the ABAQUS were defined to best 

replicate the hysteretic behaviour observed in the experimental findings. These 

techniques also aimed to reduce analysis running time and conserve computer 

storage without compromising the accuracy of results. Many of these techniques 

are generally based on the numerical techniques employed in Chapter 3. These 

include element types, modelling contact interactions, creating partitions, 

meshing, geometric and material nonlinearities, as well as boundary and loading 

conditions. For the sake of completeness and convenience, a brief description of 

these techniques is presented in this chapter, considering the distinctions in the 

conditions of the test setup and the specimens reported in Chapter 4. 

  



134 
 

5.2 Finite element model validation  

5.2.1 Numerical modelling 

The geometrical and cross-sectional details of the four tested specimens are 

reported in Chapter 4. In the numerical simulations, a combination of shell (S4R) 

and solid elements (C3D8R) with reduced integration was employed. The 

concrete slab, bolts, and bolted shear studs were modelled with 8-node solid 

elements with reduced integration (element type C3D8R). All other elements 

were modelled with 4-node shell elements with reduced integration (S4R), as 

shown in Figures 5.1 and 5.2. The reinforcement steel bars were modelled using 

a truss element (2-node linear, T3D2), which can carry only tensile and 

compression loads and exclude any resistance to bending. 

 

Figure 5.1: Top and side views of FE model with and without slab (shell 
thickness is not shown). 
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Tie constraints were applied to simulate the welding between steel elements. 

Normal and tangent interactions were employed between steel-to-steel elements 

by defining hard contact and formulation of a friction coefficient equal to 0.2 

(which corresponds to the case of untreated rolled surfaces (CEN, 2005a)) and 

with a finite sliding approach. Tie contact was considered between the reinforced 

concrete slab and metal deck to avoid numerical instabilities in some parametric 

FE models, instability which can lead to early termination of the analysis. Also, 

this modelling technique was adopted to decrease computational time in 

parametric FE models.  

Based on the mesh sensitivity study conducted in Chapter 3 to assess the time, 

storage, and accuracy of the results, the mesh size for steel, slab, bolts and 

bolted studs is equal to 30, 50, and 7.5 mm, respectively. A mesh size equal to 

20 mm was selected for the main beam with a distance of 600 mm near the 

connection, as high stresses/strains were expected. The total number of 

elements was 35,551. These FE modelling techniques were defined to best 

simulate the hysteretic behaviour of the experimental tests in Chapter 4 and to 

limit the analysis running time between 11 and 15 hours (i.e., one session on the 

High-Performance Computer). 

The boundary and loading conditions, including the gravity load, were employed 

in FE models to simulate the ones in the experimental tests in Chapter 4, as 

illustrated in Figure 5.3. Furthermore, preloading forces were applied to simulate 

Figure 5.2: FE model showing meshes and partitions. 



136 
 

the tightening of bolts and bolted studs using the “bolt load” (see Figure 5.3). The 

distribution of residual stresses obtained from testing the solid specimen was 

applied to the validated FE model of RWS-L-retrofit in order to simulate the effects 

of moderate seismicity for rehabilitation purposes. Eigenbuckling analyses were 

initially performed before the main analyses. The first modes were scaled by the 

recommended factor of tw/200 in accordance with (Tsavdaridis and D’Mello, 

2009) to introduce geometric imperfections accounting for typical local 

manufacturing tolerances.  

 

 

 

  

Ux = Uy = Uz = 0 

URx = URy = URz = 0 

Ux = Uy = Uz = 0 

URx = URy = URz = 0 

Ux = Uy = Uz = 0 

URx = URy = URz = 0 

Gravity Load 

Preloads of Bolts and Bolted Studs 

Figure 5.3: Boundary and loading conditions. 
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5.2.2 Material model 

The same models that were adopted in Chapter 3 were employed and described 

herein. Material non-linearities were adopted by employing a combined isotropic 

and kinematic material-hardening model from ABAQUS for all steel elements, 

including bolts and bolted shear studs, as shown in Figures 5.4 and 5.5. The 

average values of tensile tests for the beam web and flange were considered, 

and nominal values of material properties were taken from the manufacturer’s 

specifications. Three points from stress-strain curves were used to reduce 

computational time and storage requirements, as shown in Figures 5.4 and 5.5. 

The ultimate strain (𝜺𝒖) was equal to 15𝜺𝒚 for all steel elements and 10𝜺𝒚 for bolts 

and bolted shear studs. While 𝜺𝒓 was set to 0.2 for all steel elements and to 0.05 

for the bolts and bolted shear studs. The ductile damage option was used to 

consider the effect of the cracks that occurred in the vicinity of the web opening 

during the experimental tests. The values of ductile damage were extracted, as 

described in the ABAQUS manual, from the tensile tests of beam web that were 

conducted in the literature. An elastic-perfectly-plastic model was adopted for 

metal deck and rebar, with strain hardening equal to 𝑬𝒔𝒉 =  𝑬/𝟖𝟎 (Chaudhari, 

2017). The concrete slab was modelled using a concrete damaged plasticity 

(CDP) model based on a constitutive law of EC2 (CEN, 2004) and exponential 

tension softening (Cornelissen et al., 1986) to simulate the concrete crushing and 

cracking, respectively (see Figures 5.6 and 5.7). The average value of three 

compression cylinder tests of concrete was used with the axial tensile strength 𝒇𝒕 

taken as 10% of the compressive strength of 𝒇𝒄𝒌 31.28 MPa (Qureshi et al., 

2010).  
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Figure 5.4: Ture stress-strain curve of the 
beam, column and end-plate. 
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Figure 5.5: Ture stress-strain curve of the other steel elements. 
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5.2.3 FE verification 

The FE assumptions outlined in previous sections were verified using the cyclic 

experimental results. Figure 5.8 presents a comparison of the moment-rotation 

relations at a column face derived from the experimental and FE results. The FE 

models exhibited behaviour similar to the experimental findings in terms of 

yielding, stiffness degradation, energy dissipation, and failure modes, as shown 

in Figures 5.8 - 5.10. The maximum deviation in sagging values between FE 

simulations and experimental tests ranges between 3% and 6%. Meanwhile, the 

maximum deviations of 4% were calculated for the hogging capacities. Overall, 

the FE models effectively reproduce the experimental findings and can be 

employed in the parametric investigation. 

Figure 5.6: Uniaxial stress-strain curve of concrete under compression 
and tension. 

Figure 5.7: Compression and tensile damage curves. 
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Figure 5.8: Benchmarking of the FEM hysteresis cycles. 

Figure 5.9: Comparison between FE models and tested specimens (shell 
thickness is not shown). 

RWS-L specimen RWS-L-retrofit specimen 
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5.3 Parametric investigation 

5.3.1 Parameters 

Following the FE modelling validations, 285 parametric FE models were 

developed for RWS connections with various configurations, as shown in Table 

5.1. Moreover, three FE models of solid-webbed connections (without web 

opening) were developed for comparison purposes. Table 5.1 presents the three 

parameters selected to investigate the effect of the presence of composite action 

over the plastic zone (i.e., web opening) on the performance of a steel-concrete 

composite bolted extended end-plate RWS connection subjected to cyclic 

loading. The selection of these parameters facilitates the non-dimensionalisation 

of all RWS connection results. This allows for creating extensive databases that 

can be used to develop numerical models and design guidelines for RWS 

connections, following European Standards.  

In this study, the end-distance (𝑆𝑜) complies with SCI guidance which specifies 

the minimum width of the end-post from the column face to the edge of the web 

opening. The FE models with a web opening diameter 𝑑𝑜 of 50% of the beam’s 

depth (ℎ) start with an end-distance 𝑆𝑜 equal to 50% of ℎ to comply with SCI P355 

guidance. Similarly, for FE models with 𝑑𝑜= 0.55ℎ, start with 𝑆𝑜 is equal to 0.55ℎ. 

Figure 5.10: Failures of RWS-H. 
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This guide applies to all different diameters considered in the study. The presence 

and absence of bolted shear studs above the web opening were used to classify 

the specimens as having high (H) or low (L) composite action, respectively, 

according to Eurocode 8-1 clause 7.7.5 and ANSI/AISC 358-16 (CEN, 2005d; 

ANSI/AISC 358-16, 2016). The steel elements and concrete slab were kept the 

same as in the experimental tests in Chapter 4, regarding dimensions and 

material grades. 

Table 5.1: Parameters. 

* 1) Diameter 𝒅𝒐 
** 2) End-

distance 𝑺𝒐 
3) The presence of 

composite action over the 
web opening (3 Categories) % mm 

Number of 
models in 
each set of 
diameters 

% mm 

50% 155 15 50% 155 Yes - High composite action 

55% 171 14 55% 171 No- Low composite action 

60% 186 13 60% 186 without composite slab 

65% 202 12 65% 202 Note: High composite action = 
there are bolted shear studs 
over the web opening. Low 
composite action = no bolted 
shear studs over the web 
opening. Without composite 
slab = steel RWS connection. 
𝒉 = height of the beam; 80𝒅𝒐= 
means the diameter of the web 
opening is equal to 80% of 𝒉; 
80So = means the end-
distance is equal to 80% of 𝒉. * 
FE models with 𝒅𝒐= 50% starts 
with 𝑺𝒐 = 50%, FE models with 
𝒅𝒐= 55% starts with 𝑺𝒐 = 55% 
and so on.  

** All models were compiled to 
SCI P355 guidance in terms of 
the width of the end-post. *** 
Maximum web opening 
diameter considering the depth 
of Tee section limitation in 
accordance with SCI P355 
guidance. Therefore, 𝒅𝒐= 75% 
and 80% are beyond SCI P355 
guidance 

70% 217 11 70% 217 

72%*** 223 11 72%*** 223 

75% 233 10 75% 233 

80% 248 9 80% 248 

   Total    95 85% 264 

Number of models in 
each set of diameter x 3 

Categories (1-High, 2-Low 
and 3-Without composite 

slab) 

Total parametric models 
= 3 x 95 = 285 

90% 279 

95% 295 

100% 310 

105% 326 

110% 341 

115% 357 

120% 372 
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5.3.2 Connection performance characteristics 

This section evaluates the RWS connection's essential characteristics based on 

the deduced performance parameters of interest, including its stiffness, bending 

strength and ductility. 

5.3.2.1 Deduction of performance parameters 

Different methods exist in the literature for determining the yield point on the 

hysteresis moment-rotation curve; this research employs a specific approach 

detailed in Figure 5.11. The Ibarra–Medina–Krawinkler (IMK) model (Ibarra et al., 

2005) was employed to consistently assess selected response (both strength and 

deformation) parameters influencing the cyclic response of RWS connections. 

For consistency with previous experimental and FE studies, the moment is 

defined as the moment at the column face, and the rotation represents the total 

rotation of the connections. First, the skeleton moment-rotation (𝑴 − 𝜽) curves 

derived from the hysteretic curves of 285 FE models of bolted RWS connections 

were employed to identify the hysteresis characteristic points, as shown in Figure 

5.11. The skeleton (𝑴 − 𝜽) curves, taken at the column face, illustrate the 

hysteretic behaviour of beam web opening as one component of the extended 

end-plate RWS connection to be incorporated into the component method 

adopted in Eurocode 3 Part 1-8 (CEN, 2005b).  

Figure 5.11 illustrates the stages of defining the following strength and 

deformation parameters of the 𝑴 − 𝜽 curves using the IMK model (Ibarra et al., 

2005): 

• The effective yield moment (𝑴𝒚𝒆) and its corresponding rotation (𝜽𝒚).  

• The maximum moment resistance ( 𝑴𝒎) and its corresponding rotation 

(𝜽𝒎). 

• The ultimate moment (𝑴𝒖) and its corresponding rotation (𝜽𝒖). 

• The elastic (𝑲𝒆), strain-hardening (𝑲𝒔) and post-capping (𝑲𝒄) stiffnesses. 

The first parameters to be defined in a hysteretic curve to draw skeleton M-θ 

curves are the initial stiffness (𝑲𝒊) of hysteretic curve and the maximum moment 

strength (𝑴𝒎). The initial stiffness (𝑲𝒊) of the hysteretic curve is calculated by 

dividing the first cycle's moment by its rotation (𝑲𝒊 = 𝑴𝒊/𝜽𝒊). Knowing 𝑲𝒊 and 

𝑴𝒎,𝑹𝒅, the effective yield moment (𝑴𝒚𝒆) is defined as the point of intersection 

where the tangent line drawn at the point of maximum moment strength (𝑴𝒎,𝑹𝒅) 

intersects with the line representing the initial stiffness. Then, all corresponding 

rotations (i.e., 𝜽𝒚 and 𝜽𝒎) can be defined accordingly. The elastic rotational 

stiffness (𝑲𝒆) can be defined by the yield moment by its corresponding rotation 
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(𝑲𝒆 = 𝑴𝒚𝒆 𝜽𝒚⁄ ). While the strain-hardening stiffness (𝑲𝒔) and post-capping 

stiffness (𝑲𝒄), are calculated by the following equations:  

𝑲𝒔 =
𝑴𝒎−𝑴𝒚𝒆 

𝜽𝒎− 𝜽𝒚
 Eq. 6.1 

𝑲𝒄 =
𝑴𝒖−𝑴𝒎 

𝜽𝒖− 𝜽𝒎
 Eq. 6.2 

In this research, the plastic moment resistance of the connection 𝑴𝒄,𝑹𝒅 is 

represented by the effective yield moment (𝑴𝒚𝒆). The ultimate moment strength 

(𝑴𝒖) represents the moment of the last cycle in cases where the strength 

degradation occurs. If skeleton 𝑴 − 𝜽 curves do not experience strength 

degradation, 𝑴𝒖 would be equal to the maximum moment strength (𝑴𝒎).  
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Figure 5.11: Defining the strength and deformation parameters of 
IMK model. 
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5.3.2.2 Stiffness and bending resistance 

Eurocode 3 classifies connections based on their stiffness and strength (CEN, 

2005b). In unbraced frames, a connection's stiffness is classified as semi-rigid if 

its initial stiffness (𝑺𝒋,𝒊𝒏𝒊,𝑬𝑪𝟑) falls between 0.5 𝑬𝒃𝑰𝒃 𝑳𝒃⁄  and  𝒌𝒃 𝑬𝒃𝑰𝒃 𝑳𝒃⁄ , where 𝒌𝒃 

is equal to 25 for moment-resisting frames (MRFs), 𝑬𝒃 represents the measured 

steel beam elastic modulus, 𝑰𝒃 is the beam moment of inertia about the section’s 

major axis, and 𝑳𝒃 is the beam length between column centerlines. It is obvious 

that the Eurocode 3 component method tends to overpredict the elastic stiffness 

(𝑲𝒆) as shown in Figures 5.12 and 5.13. This observation aligns with the findings 

of Ding and Elkady (2023). The average difference between the initial stiffness in 

accordance with Eurocode 3 component method (𝑺𝒋,𝒊𝒏𝒊,𝑬𝑪𝟑) and the initial stiffness 

of the first cycle (𝑲𝒊) were about 0.29 and 0.25 under sagging and hogging, 

respectively. While the average differences between 𝑺𝒋,𝒊𝒏𝒊,𝑬𝑪𝟑 and the elastic 

stiffness (𝑲𝒆) based on the IMK model, was roughly 0.23 in both directions.  

For strength classification, the connection can be categorised as either full-

strength or partial-strength based on the capacity design ratio between the 

connection and the connected steel beam. According to the European projects of 

EQUALJOINTS and EQUALJOINTS-Plus (EJs), the connection can be classified 

as equal-strength if the capacity design ratio equals 1 and the plastic 

deformations occur in both the beam and the connection (Landolfo, 2022; 

D’Aniello et al., 2023). The findings of EJs projects are adopted in the new 

generation of Eurocodes. In the current Eurocode 3-1-8 (CEN, 2005b), an equal-

strength connection is categorised as a partial-strength connection. In this 

research, the connection was designed as equal-strength, based on the nominal 

plastic bending capacity (𝑴𝒑𝒍,𝒂,𝑹𝒅), of the connected steel solid-webbed beam, 

without considering the composite action contribution. Thus, the incorporation of 

web opening alters the strength category of the connection from equal to full 

strength due to the reduced section.  
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Figure 5.12: Skeleton curves of RWS connections with diameter = 0.5, 
0.55, 0.6 and 0.65h. 
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Based on the skeleton curves in Figures 5.12 and 5.13, the average difference 

between the sagging and hogging strengths was approximately 6%. This was 

due to the presence of a composite slab, leading to asymmetric behaviour. 

Another consideration is the fact that the composite slab typically enhances the 

bending strength of the steel beam. Consequently, the bending strength of the 

composite beam might surpass that of the column, forcing the plasticity to occur 

within the column, potentially resulting in local story collapse mechanisms (Elkady 

and Lignos, 2014). In addition, the growth in bending strength of the connected 

composite beam increases the shear force demand on the column panel zone 

(Elkady and Lignos, 2014). The increased demand could lead to significant 

inelastic shear deformations to the column panel zone of interior joints and may 

cause brittle failure of the welds between the bottom flange of the steel beam and 

Figure 5.13: Skeleton curves of RWS connections with diameter = 0.7, 
0.72, 0.75 and 0.8h. 
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the column face (Zhang et al., 2004). In such scenarios, the bending strength of 

the steel beam could be significantly reduced. This mechanism is not ideal for 

energy dissipation. The seismic behaviour of the joint, including the panel zone’s 

contribution is beyond the scope of this study, but worth to be investigated with 

RWS connections.  

In this study, the effective yield (plastic) strength ratio (𝑴𝒚𝒆 𝑴𝒑𝒍,𝒂,𝑹𝒅⁄ ) is employed 

to evaluate the plastic strength of a connection. All connections (both with and 

without web opening) developed average strengths of 0.97 and 0.90 𝑴𝒑𝒍,𝒂,𝑹𝒅 for 

those with low composite action and 0.96 and 0.87 𝑴𝒑𝒍,𝒂,𝑹𝒅 for those with high 

composite action, under sagging and hogging, respectively. All bare steel 

connections could achieve the nominal plastic strength of the connected beam 

𝑴𝒑𝒍,𝒂,𝑹𝒅. The effective yield moments (strengths) 𝑴𝒚𝒆 of bare steel connections 

exceeded those with composite slabs. This was expected due to the earlier 

yielding of the connections with composite slabs, which arises from the increased 

strain demand on the bottom beam flange. However, the maximum applied 

moments (𝑴𝒎 =  𝑴𝒇) of composite connections (both with low and high action) 

were higher than those for bare steel beams. This is attributed to the presence of 

composite slab, which increases the strength of the beam, but, as 

aforementioned, results in an early yielding of the section.  

Beyond the effective yield (plastic) strength, all connections developed a 

maximum moment (𝑴𝒎 =  𝑴𝒇) of 1.23 𝑴𝒑𝒍,𝒂,𝑹𝒅 in sagging and 1.16 𝑴𝒑𝒍,𝒂,𝑹𝒅 in 

hogging, on average. The minimum normalised moments (𝑴𝒎 𝑴𝒑𝒍,𝒂,𝑹𝒅⁄ ) were 

1.02 and 0.98 in sagging and hogging strengths, respectively; while the maxima 

for 𝑴𝒎 𝑴𝒑𝒍,𝒂,𝑹𝒅⁄  were 1.31 and 1.22 in sagging and hogging strengths, 

respectively. This variation was highly dependent on the location and size of the 

web opening, as shown in Figure 5.14. This observation is consistent with 

previous studies on RWS connections (Yang et al., 2009; Li et al., 2011; 

Tsavdaridis et al., 2014; Tsavdaridis and Papadopoulos, 2016; Naughton et al., 

2017; Erfani and Akrami, 2017; Momenzadeh et al., 2017; Shaheen et al., 2018; 

Boushehri et al., 2019; Zhang et al., 2019; Nazaralizadeh et al., 2020; Tsavdaridis 

et al., 2021; Tabar et al., 2022).  
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5.3.2.3 Hysteretic response 

The design of all RWS connections was based on the nominal plastic bending 

capacity 𝑴𝒑𝒍,𝒂,𝑹𝒅, of the connected steel solid-webbed beam of a partial-strength 

connection, without considering the composite action contribution according to 

Eurocode 3, Eurocode 4, and Eurocode 8 (CEN, 2005a; CEN, 2005b; CEN, 

2005c; CEN, 2005d). As it was aforementioned, the strength category of the 

connection changed from partial to full strength due to the perforated section. In 

partial-strength connections, the deformations occur in the connection, leading to 

the pinching mechanism characterised by the reduction in stiffness during 

reloading after unloading, along with stiffness recovery when displacement is 

imposed in the opposite direction (FEMA P440a, 2009; D’Aniello et al., 2017). 

Such a mechanism is associated with the opening and closing of gaps between 

the end-plate and column flange, which could result in a large reduction in the 

energy dissipation capacity (FEMA P440a, 2009; D’Aniello et al., 2017).  

Figure 5.14: The effect of end-distance (𝑺𝒐) on maximum applied 
moments at column face (𝑴𝒇 =  𝑴𝒎 ). 
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The pinching mechanism occurred in all solid-webbed connections as well as in 

RWS connections with diameters equal to 0.5ℎ to 0.65ℎ. Figure 5.15 shows that 

the pinching mechanism in composite RWS connections with a diameter (𝑑𝑜) and 

end-distance (𝑆𝑜) equal to 0.65ℎ, was eliminated in the last two cycles of 0.05rad. 

This elimination was due to the late full plastification of the perforated section 

(Vierendeel mechanism), which limited the inelastic deformation in the extended 

end plate. This can be seen in Figure 5.16, which shows the development of two 

plastic hinges on the low moment side (LMS). It is worth noting that the LMS is 

located to the right of the web opening in the cantilever setup. However, the 

pinching effect became more pronounced when end-distance (𝑆𝑜) increased in 

the composite RWS connections with a diameter (𝑑𝑜) equal to 0.65ℎ. While all 

RWS connections with diameters equal to 0.5ℎ to 0.60ℎ, exhibited pinching 

behaviour, with no signs of the Vierendeel mechanism developing. In this study, 

all solid-webbed connections and RWS connections with 𝑑𝑜 ranges from 0.5ℎ to 

0.65ℎ, did not experience strength degradation up to 0.05rad where the analysis 

was stopped to optimise the computational time and storage.  
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Figure 5.15: Moment-rotation curves for small to medium 
web opening with low and high composite action. 
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When the web opening size increases, it has been observed that the pinching 

effects become less noticeable. As a result, the connections experience a cyclic 

strength degradation, as depicted in Figure 5.17. FEMA 440 (FEMA P440a, 2009) 

differentiates two types of cyclic strength degradation that a structural system 

might exhibit, namely cyclic degradation and in-cycle degradation (FEMA P440a, 

2009). The former occurs in the subsequent loading cycle due to increasing 

inelastic displacement, while the latter takes place within the same loading cycle 

because of repeated cyclic displacement. Generally, the cyclic strength 

degradation could lead to a stable dynamic response of a structural system 

(FEMA P440a, 2009). In contrast, in-cycle strength degradation might induce 

dynamic instability in the structural system (FEMA P440a, 2009). All RWS 

connections experienced cyclic strength degradation, with reductions in strength 

not exceeding 20% before reaching 0.04rad. Consequently, they satisfy the 

seismic requirements of ANSI/AISC 358-16, ANSI/AISC 341-16 and Eurocode 8 

(CEN, 2005d; ANSI/AISC 358-16, 2016; ANSI/AISC 341-16, 2016).  

a) 65d-65S-H b) 65d-65S-L 

Figure 5.16: The development of two plastic hinges in LMS. 
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Consistent with the findings presented in Chapter 3, it has been found that the 

efficiency of medium to large web opening sizes in triggering the Vierendeel 

mechanism in composite RWS connections. Herein, RWS connections with 

diameters equal to 0.7ℎ to 0.8ℎ, respectively, were able to make the reduced 

section the main resources of the plasticity. The RWS connections with diameters 

equal to 0.7ℎ and 0.72ℎ comply with SCI P355 guidance limitations in terms of 

the web opening size, while the web opening with diameters equal to 0.75ℎ and 

0.8ℎ are outside that range. Both sets perform satisfactorily and provide an ideal 

structural behaviour in terms of stress distribution under cyclic loading without 

significantly compromising the connection capacity, provided that a suitable 

location for the web opening is chosen.  

 

 

Figure 5.17: The effect of web opening size on the pinching 
mechanism. 
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5.3.2.4 Ductility and energy dissipation 

Ductility and energy dissipation are key seismic response characteristics that 

need to be present in critical structural elements, aiming for reliable load transfer 

and redistribution within a structure under seismic loads. Both ductility and energy 

dissipation are interrelated for the seismic performance of MRFs. The former 

evaluates the ability of a material or structure to undergo large inelastic 

deformation without significant reduction in strength and is quantified as the ratio 

of the ultimate rotation to yield rotation (𝜽𝒖 𝜽𝒚⁄ ). Energy dissipation, on the other 

hand, assesses the structure's capability to release seismic energy. This is 

achieved through the development of plastic hinges at predefined locations, 

which aim to minimise the force transmitted to the structure, thereby preventing 

accumulated damage. This attribute can be calculated by examining the area 

enclosed under the outer loop of the hysteresis loops at ultimate rotation.  

Figures 5.18 and 5.19 illustrate the effect of web opening size on both ductility 

and energy dissipation, respectively. RWS connections with high composite 

action exhibit the highest ductility ratios, as a result of early initiation of yielding 

due to the high strain demand on the beam’s bottom flange. Also, this high strain 

demand led to a greater ductility under hogging moment in RWS connections with 

high composite action. The difference between RWS connections with the high 

and low composite action is approximately 4% and 5%, on average, under 

sagging and hogging moments, respectively. The outlier in the RWS connection 

is with a diameter equal to 0.75ℎ, due to an early termination of the analysis at 

0.04rad under a hogging moment. However, this should not distort the 

observation that as the web opening size increases, the ductility also increases. 

Conversely, ductility decreases as the web opening location moves away (i.e., as 

end-distance increases). Non-composite RWS connections exhibit lower ductility 

ratios compared to composite connections. This is likely due to their relatively 

high yield rotations, which aligns with the findings of Shaheen et al. (2018). 

Regarding energy dissipation, RWS connections with low composite action 

exhibit the highest values when the diameter ranges from 0.72ℎ to 0.8ℎ among 

all connections. For diameters ranging from 0.5ℎ to 0.7ℎ, connections with high 

composite action dissipate more energy than their counterparts with low 

composite action. This observation is also consistent for connections with solid-

webbed beams. For connections with non-composite slabs, the dissipated energy 

increases as the web opening size increases. As observed with the ductility 

predictions, the dissipated energy decreases as the location of the web opening 

moves further away, or in other words, as the end distance increases. Among all 

connections, the solid-webbed beam connection has the lowest energy 

dissipation values. Therefore, it can be concluded that incorporating web 
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openings effectively enhances energy dissipation through the plastification of the 

reduced section (i.e., the Vierendeel mechanism). 

 

 

Figure 5.18: The trend of the ductility vs diameter (on average). 
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5.3.2.5 Contribution of the composite slab 

Figure 5.20 showcases the contribution of the composite slab to the overall 

strength of the connections under sagging. This is unlike when the connection is 

under hogging. Due to the presence of the composite slab, the cyclic response 

of connection is asymmetric, unlike bare steel counterparts, which behave 

symmetrically under reversed loading. In simpler terms, when the connection is 

under compression, the composite slab (top section of the composite beam) is 

active. In contrast, when the connection is under tension, only the steel section 

is active.  

Figure 5.19:The trend of the dissipated energy vs diameter (on average). 
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Despite this, the maximum strengths of the connections were slightly similar 

between the RWS connections with and without bolted studs over the web 

opening (protected zone), for most diameter sets (i.e., 0.5ℎ to 0.7ℎ). This 

similarity can be attributed to the elimination of contact between the concrete 

slabs and the extended end-plates and columns (i.e., 25mm gap) in all 

connections. This 25 mm gap restricts the force transfer from the concrete slab 

to the extended end plates and columns. Consequently, the additional row of 

bolted shear studs provided in the RWS connections with high composite action, 

does not affect the overall strength of the connection, although it did have an 

impact on ductility in which the presence of composite action leads to early 

yielding.  

For RWS connections with diameters ranging from 0.72ℎ to 0.8ℎ, the contribution 

of the composite slab increases in both sagging and hogging directions. With 

RWS connections of diameter of 0.8ℎ, the composite slab contributes, on 

average, 5% to the overall strength. It is also observed that as the web opening 

location moves further away, the contribution of the composite slab increases. 

This observation aligns with the previous study of Shaheen et al. (2018) and with 

Chapter 3 on composite RWS connections. These findings suggest that, in 

general, when using bolted shear studs, the strength of the composite connection 

is more predictable than with the traditional welded shear studs, which could 

contribute up to a 60% contribution (Shaheen et al., 2018). Another key 

observation is that the level of damage (in the form of cracking and crushing) 

remained minimal, largely because of the oversized holes for bolted shear studs.  

Figure 5.20: Contribution of composite slab to maximum 
strength of the connections (on average). 
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5.3.2.6 Applicability of SCI P355 guidance 

The hysteresis behaviour of bolted extended end-plate RWS connections with 

demountable composite slabs can arise from complex deformations that span 

multiple connection components (e.g., web opening, end-plate, bolts, etc.). Given 

the range of components that may undergo deformation in elastic and plastic 

regions, predicting the hysteresis behaviour of such connections could be 

challenging. In the literature, there is no consensus on computing the moment 

capacity of RWS connections (𝑴𝑹𝑾𝑺,𝑹𝒅).  

In this study, the IMK model (Ibarra et al., 2005) is employed to determine the 

effective yield moment (𝑴𝒚𝒆) representing the moment capacity of RWS 

connections. This approach is followed because the design guidance in Eurocode 

3 (CEN, 2005a) and SCI P355 guidance rely on the nominal (or measured) yield 

strength (𝒇𝒚) to compute the expected capacity of a member. The expected 

plastic bending capacity of a steel beam is typically defined based on the nominal 

(or measured) yield strength (𝒇𝒚) multiplied by the plastic section modulus of the 

major axis (𝒁) in accordance with Eurocode 3 (CEN, 2005a). Additionally, the 

bending of the beam at the opening (𝑴𝒐,𝒂,,𝑹𝒅) as per SCI P355 guidance 

(excluding the composite slab contribution) is determined as the product of the 

following; 

i. area of the two Tee sections (𝑨𝑻,𝒆,𝒐); 

ii. the yield strength (𝒇𝒚); and,  

iii. the effective depth between the centroid of the Tees (𝒉𝒆𝒇𝒇). 

Although the effective yield moment (𝑴𝒚𝒆) typically is slightly higher than the 

connection’s expected moment capacity (𝑴𝒋,𝑹𝒅) (Lignos and Krawinkler, 2011), 

the 𝑴𝒚𝒆 of the skeleton 𝑴 − 𝜽 curves is a reasonable estimation of the moment 

capacities of RWS connections. The difference between the maximum moment 

𝑴𝒎 and the effective yield moment (𝑴𝒚𝒆) can be considered as the additional 

strength possessed by the connection due to strain-hardening and second-order 

effects that develop resulting from deformations across multiple connection 

components. 

The effective yield moments (𝑴𝒚𝒆) obtained from the skeleton 𝑴 − 𝜽 curves are 

compared with the bending of the beam at opening (𝑴𝒐,𝒂,𝑹𝒅) in accordance with 

SCI P355 guidance. The outcomes indicate that the 𝑴𝒚𝒆 𝑴𝒐,𝒂,𝑹𝒅⁄  have an 

average (µ), standard deviation (𝜎), minimum (min), and maximum (max) of 1.06, 

0.03, 0.95 and 1.13 under sagging, respectively. The ratio of 𝑴𝒚𝒆 𝑴𝒐,𝒂,𝑹𝒅⁄  under 

hogging, µ, 𝝈, min and max of -1, 0.05, -0.89 and -1.1, respectively. A general 

tendency is detected that the SCI P355 guidance could predict the moment 

strength of bolted extended end-plate RWS connections with demountable 
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composite slab under cyclic loads. The findings show an acceptable strain-

hardening ratio 𝑴𝒎 𝑴𝒚𝒆⁄  of 1.26, on average. Table 5.2 displays the average (µ), 

standard deviation (𝝈), minimum (min), and maximum (max) for different sets of 

diameters. 

 

Table 5.2: Statistics for different sets of diameters based on the ratio of 
𝑴𝒚𝒆 𝑴𝒐,𝒂,𝑹𝒅⁄ . 

𝒅𝒐 
Composite 
(H/L) / Non-
composite 

average µ max min 𝝈 

+ve -ve +ve -ve +ve -ve +ve -ve 

50 

High 1.02 -0.93 1.02 1.00 -0.91 -0.93 0.01 0.01 

Low 1.05 -0.96 1.05 1.04 -0.95 -0.97 0.00 0.00 

Non-comp 1.06 -1.05 1.07 1.06 -1.05 -1.06 0.00 0.00 

55 

High 1.03 -0.94 1.04 1.01 -0.92 -0.95 0.01 0.01 

Low 1.06 -0.97 1.07 1.05 -0.96 -0.98 0.01 0.01 

Non-comp 1.07 -1.06 1.08 1.07 -1.06 -1.07 0.00 0.00 

60 

High 1.04 -0.95 1.06 1.01 -0.93 -0.96 0.02 0.01 

Low 1.07 -0.98 1.08 1.05 -0.96 -0.99 0.01 0.01 

Non-comp 1.09 -1.07 1.09 1.07 -1.06 -1.08 0.01 0.01 

65 

High 1.05 -0.96 1.07 1.00 -0.93 -0.97 0.03 0.02 

Low 1.07 -0.99 1.09 1.04 -0.96 -1.00 0.02 0.02 

Non-comp 1.09 -1.08 1.10 1.08 -1.06 -1.09 0.01 0.01 

70 

High 1.05 -0.96 1.09 0.99 -0.92 -0.98 0.04 0.02 

Low 1.06 -0.98 1.09 1.03 -0.95 -1.01 0.02 0.02 

Non-comp 1.09 -1.08 1.11 1.07 -1.06 -1.10 0.01 0.01 

72 

High 1.05 -0.96 1.10 0.98 -0.92 -0.98 0.05 0.02 

Low 1.05 -0.98 1.08 1.02 -0.95 -1.01 0.02 0.02 

Non-comp 1.09 -1.07 1.10 1.07 -1.05 -1.09 0.01 0.01 

75 

High 1.05 -0.96 1.12 0.97 -0.92 -0.99 0.05 0.02 

Low 1.04 -0.97 1.06 1.01 -0.93 -1.00 0.02 0.02 

Non-comp 1.07 -1.06 1.09 1.06 -1.04 -1.07 0.01 0.01 

80 

High 1.04 -0.95 1.13 0.95 -0.90 -0.98 0.07 0.03 

Low 1.00 -0.95 1.02 0.97 -0.89 -0.99 0.01 0.03 

Non-comp 1.04 -1.02 1.05 1.02 -1.00 -1.03 0.01 0.01 

Note: 𝑑𝑜 = diameter, µ = average and 𝜎 = standard deviation. 

 



162 
 

Figure 5.21 shows the average change in the Vierendeel ratio 𝑴𝒗 𝑴𝒗,𝑹𝒅⁄  

(excluding the composite slab contribution) as diameter changes. It is observed 

that as the web opening size increases, the Vierendeel ratio also increases. 

Furthermore, the contribution of the composite slab to Vierendeel capacity grows 

as the web opening size increases. However, the end-distance (𝑺𝒐) has only a 

trivial effect on the Vierendeel capacity. It can be concluded that SCI P355 

guidance overestimates the Vierendeel bending capacity of the RWS 

connections. Further data incorporating varied geometric and material 

parameters is essential to confidently assess the Vierendeel bending capacity of 

the RWS connections. 

 

5.3.2.7 Capacity design ratio 

All RWS connections were designed based on the connected steel solid-webbed 

beam section strength 𝑴𝒑𝒍,𝒂,𝑹𝒅, of a partial/equal strength connection, without 

considering the composite action contribution according to Eurocode 3, Eurocode 

4, and Eurocode 8. Aiming that the incorporation of web opening alters the 

strength category of the connection from partial to full strength due to the 

reduction in the strength of the connected steel beam section. However, there is 

no consensus in the literature on the extent of reductions in strength which arise 

due to the size and location of the web opening.  

Figure 5.21: The change in Vierendeel ratio vs the change in diameter (on 
average). 
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Knowing the amount of reduction in the moment capacity of the connected beam 

will change the capacity design ratio of the column/connection to the connected 

“steel-concrete composite” beam. This is significant in the retrofit of the existing 

buildings to optimise the resources in choosing the better size and location of the 

web opening to achieve the required capacity design ratio. Many studies have 

demonstrated the ability of a large web opening in the high shear zone to develop 

a ductile (Vierendeel) mechanism (Yang et al., 2009; Li et al., 2011; Tsavdaridis 

et al., 2014; Tsavdaridis and Papadopoulos, 2016; Naughton et al., 2017; Erfani 

and Akrami, 2017; Momenzadeh et al., 2017; Shaheen et al., 2018; Boushehri et 

al., 2019; Zhang et al., 2019; Nazaralizadeh et al., 2020; Tsavdaridis et al., 2021; 

Tabar et al., 2022). However, this is not always the case, as Shaheen et al. (2018) 

concluded that small to medium web opening sizes should be considered owing 

to the negative impact of large web openings on the cyclic behaviour of composite 

RWS connections. The findings of the experimental and FE studies in Chapters 

3 and 4 highlighted the importance of the capacity design ratio in the design of 

RWS connections. Thus, understanding the capacity design ratio as well as the 

composite action effects on the seismic performance of the RWS connections is 

critical for both new and existing buildings.  

Figure 5.22 presents a comparison between the full-strength connection and the 

equal/partial-strength connection. Both connections are identical in terms of the 

presence of composite action over the protected zone, as well as the size and 

material of steel and concrete sections. The only difference lies in the thickness 

of the end plates; the full-strength connection has a thickness of 30mm, while the 

equal/partial-strength connection has a thickness of 20mm. This resulted in a 5% 

increase in the capacity of the connection. The comparison has been conducted 

using small-to-medium diameters of web openings (0.5ℎ, 0.55ℎ, and 0.65ℎ). The 

pinching phenomenon occurred in both types of solid-webbed connections. In the 

partial/equal strength connection, the extended end-plate is the main source of 

plastic deformation, hence the pinching effect is more pronounced than in the full-

strength connection. As the diameter increases, the pinching effects diminish, 

especially in the full-strength connection. This is consistent with the findings in 

Chapter 3 that proved the efficiency of introducing the web opening to alter the 

strength category and make the reduced section in the beam the main element 

to dissipate energy by developing plasticity. The results confirm the findings of 

Shaheen et al. (2018) regarding the small-to-medium web opening sizes, as the 

high capacity design ratio was provided. It can be concluded that when a high-

capacity design ratio is provided, low to medium web opening sizes should be 

used and vice versa. However, the capacity design ratio should be further studied 

to better comprehend it. It is worth noting that large diameters have not been 
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used in this comparison as their efficiency in inducing yielding in the beam has 

been established, provided that the proper location is chosen.  

 

 

 

 

a) Thickness of end-plate = 30 mm 
𝑴𝒋,𝑹𝒅

𝑴𝒑𝒍,𝒂,𝑹𝒅
= 𝟏. 𝟎𝟔 (full-

strength connection). 

b) Thickness of end-plate = 20 mm 
𝑴𝒋,𝑹𝒅

𝑴𝒑𝒍,𝒂,𝑹𝒅
= 𝟏 

(equal/partial-strength connection). 
Figure 5.22: Comparison between two different connections 

with high composite action in terms of capacity ratio. 
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5.4 Summary 

The hysteretic response characteristics of demountable steel-concrete composite 

RWS connections have been quantified and assessed in this chapter. This 

assessment is based on a comprehensive parametric high-fidelity FEA database 

that comprises 285 models. The parametric results were subsequently employed 

to gain a better understanding of the local cyclic behaviour of composite RWS 

connections. It is important to note that the findings of this study are confined to 

the specimens and design assumptions used in this research. Response 

parameters derived from skeleton moment-rotation M-θ relationships, including 

stiffness, strength, and ductility, were evaluated. Additionally, the contribution of 

the composite slab to the overall strength of the RWS connection was 

investigated by comparing the composite RWS connections to their RWS steel 

counterparts. Both the bending moment 𝑴𝒐,𝒂,𝑹𝒅 and Vierendeel bending 𝑴𝒗,𝑹𝒅 

capacities, in accordance with SCI P355 guidance, were also assessed. From 

available trend plots and hysteretic results, the following major conclusions could 

be drawn from this study:  

• As the web opening size increases, the pinching effects diminish. 

• RWS connections with diameters equal to 0.7ℎ to 0.8ℎ, efficiently triggered 

the Vierendeel mechanism under cyclic loads. 

• Ductility increases with the increase of the size of the web opening but 

decreases as the end distance increases.  

• RWS connections effectively enhance energy dissipation through the 

plastification of the perforated section.  

• For composite RWS with diameters set equal to 0.7ℎ to 0.8ℎ, ductility and 

energy dissipation increase up to 13% and 57%, respectively, with a 

reduction in capacity up to 19%, compared to a solid-webbed connection. 

• The decision to incorporate a web opening should consider the capacity 

design ratio between the column, connection, and beam.  

• In this study, an equal capacity design ratio between the connection, and 

beam, was used, and  
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➢ For RWS connections with the presence of composite action, the 

ideal 
𝑑𝑜

𝑆𝑜
⁄  ratio  is 1. 

➢ For RWS connections with the absence of composite action, the 

ideal 
𝑑𝑜

𝑆𝑜
⁄  ratio between 0.8 and 1 is recommended, provided that 

the end-post distance adheres to the requirements specified in SCI 

P355 guidance. 

• The presence of bolted shear studs over the protected zone influences 

ductility, potentially leading to early yielding of the perforated section. 

• The strength of composite RWS connections with bolted shear studs is 

more predictable than that with traditional welded shear studs. On 

average, a demountable composite slab contributed about 5% to 

maximum strength. 

• The SCI P355 guidance could be employed to estimate the bending 

moment at the opening of RWS connections with demountable composite 

slabs under cyclic loads. 
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Chapter 6  

Capacity Design Assessment 

6.1  Introduction 

The main focus of this chapter is to assess how the capacity design ratio affects 

the response of both bare-steel and steel-concrete composite reduced web 

section (RWS) connections in terms of ductility, energy dissipation, and 

equivalent viscous damping. Three main steps were pursued as follows: 

i. Utilisation of validated Finite Element (FE) models  

The chapter begins by leveraging two FE models validated in Chapter 3. A new 

parametric study was conducted using New Zealand steel section profiles, the 

same as those used in the Chaudhari et al. (2019) tests. This was a significant 

shift from the previous parametric study’s approach in Chapter 3, where the 

European section profiles were used. The rationale for reverting to New Zealand 

sections in Chapter 6 was to enrich and diversify the existing database, thereby 

broadening the range of steel sections analysed and facilitating a more 

comprehensive analysis of RWS connection behaviour. 

ii. Analysis of parametric study results from Chapter 5 

The chapter then delves into an in-depth analysis of the results obtained from the 

parametric study conducted in Chapter 5. The first two steps (i and ii) were 

analysed together which served as a reliable starting point for assessing the 

response of single-sided and double-sided RWS connections. 

iii. Compilation and extrapolation of literature data 

Lastly, the chapter includes a comprehensive compilation and extrapolation of 

both experimental and numerical non-dimensionalised results from existing 

literature with results derived from Chapter 3 (European sections). This effort was 

aimed at further investigating the characteristics of RWS connections. By 

integrating and extrapolating this data, the chapter contributes to a more robust 

and expansive understanding of RWS connections, supporting the development 

of improved design practices and standards in seismic engineering. 
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6.2 Deduced response parameters of the collected RWS 

database 

The response parameters of the parametric numerical investigations (Section 

6.3) and the collected RWS database (Section 6.4) were deduced using one or 

both of the following two methods. The first method manually extracted numerical 

values from moment-rotation (𝑴 − 𝜽) curves based on the Ibarra–Medina–

Krawinkler (IMK) model, as mentioned in Chapter 5. For the second method, in 

cases where full (𝑴 − 𝜽) curves are absent in the literature (i.e., the assembled 

RWS connections database), the data was extracted from tabulated results found 

in research papers within the literature. Both test and numerical results were 

normalised concerning the nominal plastic moment capacity of the steel solid 

webbed-beam sections.  

For a fair comparison, the energy dissipation and equivalent viscous damping for 

both sagging and hogging moments were calculated. These calculations utilised 

key response parameters (both normalised moments and rotations) as described 

in Chapter 5 and depicted in Figure 6.1. Both tri-linear and bi-linear skeleton (𝑴 −

𝜽) curves based on the IMK model (Ibarra et al., 2005) were employed. The tri-

linear skeleton (𝑴 − 𝜽) curve is detailed in Chapter 5. The bi-linear skeleton (𝑴 −

𝜽) curve was used for two specific cases. The first case applied when the 

connection did not undergo strength degradation, thus equating 𝑴𝒖 with 𝑴𝒎 and 

𝜽𝒖 with 𝜽𝒎. The second case was used when the corresponding rotation and/or 

moment data was unavailable in the tabulated results from literature. For 

instance, if 𝑴𝒖 and 𝜽𝒎 were not provided while 𝑴𝒎 and 𝜽𝒖 were available, then 

a bi-linear skeleton (𝑴 − 𝜽) curve was used. It is worth mentioning that this 

research utilises a specific method (shown in Figure 5.11 in Chapter 5) to define 

the yield point on the moment-rotation hysteresis curve. 

 

Figure 6.1: Skeleton moment-rotation curves used 
for the collected RWS database. 

a) Bi-linear curve b) Tri-linear curve 
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6.3 Parametric numerical investigations 

6.3.1 Synopsis 

In Europe, adopting partial-strength connections is permissible, provided that 

their ductility and rotational capacity are experimentally verified according to 

Eurocode 8 (CEN, 2005d). Such connections are cost-effective, with extended 

end-plate joints being about 30% cheaper than full-strength, thereby reducing 

post-earthquake repair costs (Tartaglia et al., 2019). Nonetheless, full-strength 

connections are often preferred as they obviate the need for the experimental 

verification requirements of Eurocode 8 (CEN, 2005d). The findings of Chapters 

3, 4 and 5 have demonstrated the ability of RWS connections to reclassify a 

connection from partial- to full-strength while still leveraging the full benefit of the 

ductile (Vierendeel) mechanism. This was due to the reduction of the beam web 

section, resulting in a reduction of the beam’s capacities, making the web opening 

behave as a fuse. Henceforth, inelastic action is precluded in the connection.  

Following the numerical validations (see Chapters 3 and 5), a further parametric 

investigation was conducted for selected parameters (see Figure 6.2 and Tables 

6.1 and 6.2) to ensure a well-informed assessment of ductility, energy dissipation 

and equivalent viscous damping coefficient of RWS connections. A total of 504 

RWS (single- and double-sided) connections and 6 solid webbed-beam 

connections counterparts were assessed, and both bare steel and composite 

connections were considered. The composite connections are divided into low 

and high slab-beam interaction groups (i.e., absence and presence of composite 

action above the protected zone). Welded and bolted shear studs were used in 

double-sided and single-sided connections, respectively. 
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Table 6.1: Summary of validated tested specimens. 

Specimen RWS 
Composite 
interaction* 

Studs 
Connection 

arrangement 

Solid 
connection** 

No 

No 
Bolted 

single-sided 
𝑴𝑐,𝑹𝒅

𝑴𝒑𝒍,𝒂,𝑹𝒅
= 𝟏 

RWS-L-
retrofit** 

𝒅𝒐 = 0.8ℎ 

𝑺𝒐 = 1ℎ 

RWS-L** 𝒅𝒐 = 0.8ℎ 
𝑺𝒐 = 0.8ℎ RWS-H** Yes 

FI-SU*** 
No 

No Welded double-sided 
𝑴𝑐,𝑹𝒅

𝑴𝒑𝒍,𝒂,𝑹𝒅
= 𝟏. 𝟏𝟓 BSF*** Bare-steel 

Note: *The presence of composite action interaction over the protected zone. 
**Chapter 4. ***Reference (Chaudhari et al., 2019). 𝑀𝑐,𝑅𝑑= connection bending 

capacity. 𝑀𝑝𝑙,𝑎,𝑅𝑑= plastic bending capacity of unperforated steel beam section. 
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Figure 6.2: Test set-ups and FE model for tests of Chapter 4 on the left 
and tests of (Chaudhari et al., 2019) on the right. 
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Table 6.2: Summary of Selected Parameters. 

1) Diameter 𝒅𝒐 
2) End 

distance 𝑺𝒐 

3) The interaction between 

composite action 

% mm 

Number 

of 

models 

% mm Type 
Number of 

models 

50% 155 15 x 2 50% 155 High interaction 168 

55% 171 14 x 2 55% 171 Low interaction 168 

60% 186 13 x 2 60% 186 
bare steel (no 

interaction) 
168 

65% 202 12 x 2 65% 202 

Note: High interaction = there are 

bolted/welded shear studs over the 

web opening. Low interaction = no 

bolted/welded shear studs over the 

web opening. Without composite slab = 

steel RWS connection. ℎ = beam 

height; 80𝑑𝑜= means the opening 

diameter equals to 80% of ℎ; 80So = 

means the end distance equal to 80% 

of ℎ. 

70% 217 11 x 2 70% 217 

75% 233 10 x 2 75% 233 

80% 248 9 x 2 80% 248 

 

85% 264 

90% 279 

95% 295 

100% 310 

105% 326 

110% 341 

115% 357 

120% 372 

 

6.3.2 Parametric results  

The main objective of this section is to examine the effects of introducing web 

opening in both partial- and full-strength solid webbed-beam connections. The 

discussion focuses on assessing the four key factors, namely i) the location and 

ii) the size of the web opening, iii) the capacity design ratio, and iv) the 

presence/absence of composite action. These factors were selected for 

assessment owing to their crucial impacts on ductility, energy dissipation, and 

equivalent viscous damping. It is worth noting that this study used the response 

of the right beam's connection in the double-sided joint for a fair comparison with 

single-sided connections. 

6.3.2.1 Ductility  

One of the key response characteristics to examine the robustness of moment-

resisting frames (MRFs) under seismic loads is the rotational ductility of the 

connections. The ductility needs to be present in designated structural 

components for safe transfer and redistribution of loads within MRFs. It is 

quantified as the ratio of the ultimate rotation to yield rotation (𝜽𝒖 𝜽𝒚⁄ ). It is worth 
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emphasising that the single-sided and double-sided RWS connections were 

designed based on equal-strength (𝑴𝒄,𝑹𝒅 𝑴𝒑𝒍,𝒂,𝑹𝒅⁄ =  𝟏) and full-strength 

(𝑴𝒄,𝑹𝒅 𝑴𝒑𝒍,𝒂,𝑹𝒅⁄ =  𝟏. 𝟏𝟓) connections with a solid webbed-beam, respectively.  

The location of the web opening has less effect on the ductility, among other key 

factors. Generally, as the location of the web opening moves farther from the 

connection, both sagging and hogging ductility ratios decrease. This finding has 

been highlighted in the literature (Tsavdaridis et al., 2014; Tsavdaridis and 

Papadopoulos, 2016; Tsavdaridis et al., 2017; Boushehri et al., 2019), where it is 

shown that the effects of RWS (Vierendeel mechanism) diminish as the end 

distance (So) increases.  

The web opening size is the factor that has the most significant consequences, 

when considered in combination with other factors, in affecting the ductility; as 

shown in Figures 6.3 and 6.4. This is mainly attributed to the Tee-section depth 

that directly triggers the yielding of the perforated section as shown in Figure 6.5. 

The earlier the Tee-section yields, the higher the ductility, provided that ultimate 

rotations remain equal or constant among other RWS connections. This is 

because of the mathematical formulation of ductility (𝜽𝒖 𝜽𝒚⁄ ), indicating that lower 

yield rotation leads to higher ductility. 
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Figure 6.3: Rotation ductility of single-sided connections (based on equal-strength solid webbed-beam 
connection). 
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Figure 6.4: Rotation ductility of double-sided connections (based on full-strength solid webbed-beam 
connection). 
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Figure 6.5 also demonstrates the combined effects of the web opening size with 

the presence or absence of composite interaction. The location of the extra row 

of bolts/welded shear studs also affect on the onset of yielding in the top Tee-

section. The critical location of shear studs is at the centreline of the circular web 

opening due to the smaller Tee-section depth. Such combination effects can be 

seen in Figure 6.3. Although the number of numerical models using RWS 

connections with 50𝑑𝑜 amounted to 15, the ductility range is narrow (i.e., the 

maximum and minimum values were close).  

Conversely, the ductility range of RWS connections with 80𝑑𝑜 is wider, despite 

the small number of numerical models that complied with SCI P355 guidance 

(Lawson and Hicks, 2011), as shown in Table 6.1. This was more pronounced 

with the presence of composite action than with those without composite 

interactions (Figure 6.3). This observation applies to single-sided RWS 

connections (equal-strength) but not to double-sided RWS connections (full-

strength) due to the capacity design ratio, as shown in Figure 6.4.  

Given that, the capacity design ratio could reduce the effectiveness of large web 

openings, especially with the presence of composite action as shown in Figure 

6.4, this is mainly attributed to the fact that the RWS connections were designed 

based on the full-strength of the solid webbed-beam connection. For such full-

strength connections, deformation primarily occurs in the beam itself, as the 

connection’s capacity exceeds that of the connected unperforated steel beam. n 

other words, the steel beam becomes weaker when the web opening is 
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Figure 6.5: Illustration of the behaviour of Tee-sections. 
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introduced, leading to an earlier yielding. Additionally, the arrangement of the joint 

(double-sided) and applied cyclic loads on the column tip caused early 

deformations of Tee-sections due to the high forces acting on the beams from 

the column.  

The behaviour of RWS connection, whether designed based on partial- or full-

strength solid webbed-beam connections, can be more accurately predicted by 

eliminating the composite slab-beam interaction over the protected zone, as 

depicted in Figures 6.3 and 6.4. This conclusion is drawn from the observation 

that the trends of RWS connections in this parametric investigation are similar to 

those of bare steel RWS connections under both sagging and hogging moments. 

These findings align with Chapters 3, 4 and 5, regarding the superior cyclic 

behaviour of RWS connections with an absence of composite action to avoid high 

strain demand on the beam bottom flange, as well as cracking and crushing of 

the concrete slab, without jeopardising the strong column-weak beam concept; 

following the requirements of (CEN, 2005d; ANSI/AISC 358-16, 2016). 

It can be concluded that, for single-sided RWS connections that are designed 

based on partial-strength solid webbed-beam connection, the sagging and 

hogging ductility marginally improves when the 𝑑𝑜 𝑆𝑜⁄  ratio equals 1 for diameters 

equal to 0.5ℎ and 0.55ℎ. The improvement in ductility becomes more pronounced 

with web opening diameters equal to 0.60ℎ and 0.65ℎ when the 𝑑𝑜 𝑆𝑜⁄  ratio 

ranges between 0.92 to 1 and 0.81 to 1, respectively. The range of 𝑑𝑜 𝑆𝑜⁄  ratio 

broadens for diameter equal to 0.70ℎ, 0.75ℎ and 0.8ℎ, and the presence of 

composite action over the web opening significantly influenced them. For these 

diameters, the ideal 𝑑𝑜 𝑆𝑜⁄  ratios range between approximately 0.7 to 1. 

For double-sided RWS connections designed based on full-strength solid 

webbed-beam connections, ductility alone cannot capture the overall response 

of the RWS connection. Energy dissipation and equivalent viscous damping must 

also be considered when introducing web openings into full-strength solid 

webbed-beam connections. 

6.3.2.2 Energy dissipation and equivalent viscous damping 

Although ductility is an important indicator in seismic design, it alone cannot 

capture the overall hysteretic response of the structure. For instance, the pinching 

phenomenon is well-represented by the area of the hysteresis loops, which 

depicts the amount of plastic work dissipated in each cycle. In Chapter 5, it was 

observed that the RWS connections with smaller web openings could achieve 

higher ductility. In this case, the bending of the extended end plate acted as one 

of the dissipative elements, leading to a pinching mechanism and a significant 

reduction in the total amount of dissipated seismic energy, as shown in Figure 
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6.6. This was also well-captured in this parametric study, as shown in Figures 

6.3b and 6.7 for single-sided connections (equal-strength). The web openings 

with small sizes have higher hogging ductility on average and lower dissipated 

energy compared to the large size of web openings. However, this is not the case 

for the double-sided RWS connections.  

 

Figure 6.6: Comparison between two different connections 
with high composite action in terms of capacity ratio (from 

Chapter 5). 

a) Thickness of end-plate = 30 mm 
𝑴𝒋,𝑹𝒅

𝑴𝒑𝒍,𝒂,𝑹𝒅
= 𝟏. 𝟎𝟔 (full-

strength connection) 

b) Thickness of end-plate = 20 mm 
𝑴𝒋,𝑹𝒅

𝑴𝒑𝒍,𝒂,𝑹𝒅
= 𝟏 

(equal/partial-strength connection) 
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Figure 6.7: Energy dissipation. 
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Double-sided connections were designed based on a full-strength connection 

with a solid webbed beam, so they were intended to have the beam serve as the 

primary dissipative element. Thus, any web opening, regardless of size, would 

serve as a predetermined location for plasticity. For RWS connections with the 

presence of composite action, an increase of 15% of the connection’s moment 

capacity led to an average difference of 21% in dissipated energy in favour of the 

web opening with 50𝑑𝑜 compared with 80𝑑𝑜. These findings align with the 

findings of Shaheen et al. (2018) and those in Chapters 3, 4 and 5, which 

advocate for using small to medium web opening sizes when a high capacity 

design ratio was considered. When employing a high-capacity design ratio, it is 

recommended to use small to medium web opening sizes, and the opposite is 

when lower-capacity design ratios are employed. Overall, double-sided RWS 

connections with 50𝑑𝑜 and 55𝑑𝑜 demonstrate impressive responses, offering 

both superior energy dissipation and competitive ductility compared to other 

designs, including the stiffened BEEP (FI-SU) with a value of 109.5 kNm.rad. The 

findings suggest that RWS connections work more effectively when designed 

based on partial/equal-strength solid webbed-beam connection. This originates 

from a predictable hysteretic response.  

Another important indicator to evaluate the energy dissipating capacity of the 

connections is an equivalent viscous damping ratio (𝜉𝑒𝑞) (Parastesh et al., 2014; 

Shaheen, 2022). The energy dissipation is examined in terms of equivalent 

viscous damping and defined as: 

𝜉𝑒𝑞 =  
1

2𝜋
 
𝑆𝐴𝐵𝐶 + 𝑆𝐶𝐷𝐴 

𝑆𝑂𝐷𝐴 +  𝑆𝑂𝐵𝐹
 

 

The energy is depicted by 𝑆𝐴𝐵𝐶 +  𝑆𝐶𝐷𝐴 is the energy dissipated at the expected 

rotation, as shown by the shaded region in Figure 6.8. Similarly, 𝑆𝑂𝐷𝐴 + 𝑆𝑂𝐵𝐹 

indicates the total strain energy at the expected rotation highlighted by the area 

with double shading in Figure 6.8. Furthermore, points B and D represent the 

peak positive and negative moment capacities within a hysteresis loop, 

respectively. The equivalent viscous damping coefficients at 0.04rad for all 

models are shown in Figure 6.9. At the rotation of 0.04 rad, the magnitudes of 

equivalent viscous damping were generally above 30% which indicates good 

energy dissipation capacity and seismic response of RWS connections. These 

also imply that the RWS connection has not experienced brittle or sudden 

failures, likely maintaining its integrity, which is crucial for the stability of the 

structure and safety immediately after the earthquake.  
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Figure 6.8: Basis to calculate the equivalent viscous damping 
coefficient (Shaheen, 2022). 
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Figure 6.9: Equivalent viscous damping coefficient at 0.04 rad. 
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6.4 Capacity assessment 

6.4.1 RWS database assembly 

The assembled RWS connections database consists of 13 experimental and FE 

programs, along with the results from Chapter 3. This database covers both bare 

steel and composite RWS connections as well as benchmarked solid webbed-

beam connections. It contains data on both welded and BEEP (3 rows and 4 rows 

of bolts) connections. Additionally, the database captures only a single circular 

web opening. In total, there are 251 specimens and FE models for 247 RWS 

connections, in addition to their benchmarked 14 solid webbed-beam 

connections counterparts. The database accounts for different types of test 

setups, namely, cantilever, cruciform and frame arrangements, with load and/or 

displacement applied at the beam or the column ends. Although this is a 

comprehensive RWS connections database, a few test and FE programs were 

excluded from the current database due to scarce test and FE details. A summary 

breakdown of the collected RWS database is presented in Tables 6.3 and 6.4.  
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Table 6.3: Summary breakdown of the collected RWS database. 

Reference Study Joint Connection 
# of 

specimens 
Slab 

1- Guo et al. (2011) FE Frame Welded 6 No 

2- Li et al. (2011) Test Cantilever Welded 3 No 

3- Tsavdaridis et al. 

(2014) 
FE Cantilever Welded 9 No 

4- Tsavdaridis and 

Papadopoulos 

(2016)  

FE Cantilever BEEP-3-R 1 No 

5- Shin et al. (2017)  Test Frame WUF-B 2 No 

6- Erfani and Akrami 

(2017)  
FE Cantilever Welded 1 No 

7- Shaheen et al. 

(2018)  
FE Cantilever PN 12 Yes 

8- Zhang et al. (2019)  
Test 

Cantilever Welded 
1 

No 
FE 1 

9- Boushehri et al. 

(2019)  
FE Cantilever Welded 144 No 

10- Nazaralizadeh et 

al. (2020)  
FE Cantilever BEEP-4-R 1 No 

11- Tsavdaridis et al. 

(2021)  
Test Cantilever BEEP-3-R 1 No 

12- Xu et al. (2022)  Test Cantilever Welded 5 No 

13- Chapter 3 FE Cruciform BEEP-4-R 45 Yes 

Note: # = number. FE = Finite element analysis. Exp. experimental test. 

BEEP-3-R and 4-R = bolted extended end-plate with 3 rows and 4 rows, 

respectively. WUF-B = welded unreinforced flange-bolted web. PN = pre-

Northridge. 
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Table 6.4: Breakdown of capacity design of the collected RWS database. 
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𝑴𝒑𝒍,𝒄𝒐𝒍
= 𝑾𝒑𝒍,𝒚,𝒄 𝒇𝒚,𝒄 

𝑴𝒑𝒍,𝒃
= 𝑾𝒑𝒍,𝒚,𝒃 𝒇𝒚,𝒃 

𝑴𝒄,𝑹𝒅 using 
Component 

method 
Eurocode 3-1-8 

1 Welded 
H500×350×

14×18 
H600×250×

10×14 NA 1.28 
911 710 

2 Welded 
H450×300×

12×16 
H400×200×

8×12 NA 2.15 
613 285 

3 Welded 
HEB 300 HEA 240 

NA 2.51 
570 227 

4 BEEP-3-R 
HEB 160 IPE 300 

87 0.50 
97 173 

5 WUF-B 
W14X145 W12X50 

NA 4.02 
1763 439 

6 Welded 
HB500x200

x10x16 
HB414x405

x18x28 NA 0.42 
735 1735 

7 PN 
HB428x407

x20x35 
HB700x300

x13x24 NA 1.38 
2051 1490 

8 Welded 
HW250x25

0x9x14 
HN300x150

x6.5x9 NA 1.79 
220 123 

9 Welded 

HEB 300, 
450, 500, 

600 

IPE 330, 
450, 500, 

600 NA 

2.32, 
2.34, 
2.19, 
2.08 

663, 1414, 
1709, 2599 

285, 604, 
779, 1247 

10 BEEP-4-R 
HEB 200 IPE 270 

95 0.82 
154 116 

11 BEEP-3-R 
UC 203 x 
203 x 71 

UB 305 x 
127 x 48 157 0.62 

284 252 

12 Welded 
HW250x25

0x9x14 
HN300x150

x6.5x9 NA 1.79 
220 123 

13 BEEP-4-R 
HEB 320 IPE 300 

216 0.96 765 224 
1221 300 

Note: 𝑴𝒑𝒍= moment capacity of bare steel solid webbed-beam section. 

[kNm]. 𝑾𝒑𝒍,𝒚 = plastic section modulus. 𝒇𝒚= yield strength. Subscript col, b 

and c = column, beam and connection, respectively. BEEP-3-R and 4-R = 
bolted extended end-plate with 3 rows and 4 rows, respectively. WUF-B = 
welded unreinforced flange-bolted web. PN = pre-Northridge. 

 

 

 



185 

6.4.2 Observed trends in the collected RWS database 

The collected database reveals a range of beam, column, connection types and 

capacity design ratios. An inconsistency in capacity design ratios was observed. 

The capacity design is a key requirement in controlling the plastic response of 

beam-to-column joints by managing the connecting components' capacities. With 

this objective in mind, employing the capacity design in RWS connections is 

critical since the reduction in shear capacity is particularly undesirable in seismic 

areas because it deteriorates more rapidly than its moment capacity. However, 

the concept of RWS connection, which relies on the Vierendeel mechanism, is 

only effective in areas of high shear. The Vierendeel mechanism is a shear action 

that requires a large opening and an ideal end distance to be triggered. 

Otherwise, a non-ductile failure characterised by tearing and out-of-plane 

buckling may ensue. Chung et al. noted that both shear failure and the Vierendeel 

mechanism can occur concurrently around the web opening (Chung et al., 2003; 

Lagaros et al., 2008). Therefore, attention should be paid not only to the size and 

location of the web opening, which has been the focus of previous studies in the 

literature but also to the capacity design ratio between the connected 

components. This ensures that the beam's shear capacity is not excessively 

compromised by incorporating RWS. To this end, a balanced contribution 

(capacity design) of a panel zone, end-plate and/or column flange, with the 

connected bare steel solid webbed-beam, is preferable in an RWS connection 

with a large web opening size. This promotes a Vierendeel (ductile) mechanism 

to become the dominant failure rather than simple shear failure at the web 

opening, which may cause instability after an earthquake. In the design process, 

the web opening size should be decreased along with the capacity design ratio 

increase. This is consistent with prior observations of the studies in Chapters 3, 

4 and 5, regarding the importance of capacity design ratios.  

Having thoroughly examined the collected RWS database, the above conclusions 

are verified. Figures 6.10 and 6.11 display the trends in the collected RWS 

database between energy dissipation, equivalent viscous damping, and ductility 

concerning the capacity design ratio. It can be seen that an increase in the 

capacity design ratio leads to a decrease in energy dissipation, equivalent 

viscous damping, and ductility, regardless of the connection type. Figure 6.11 

depicts the decrease in sagging ductility of identical connections with an increase 

in web opening size with a high capacity design ratio, as employed in the study 

of Shaheen et al. (2018). In contrast, in Chapter 3, an increase in sagging ductility 

of identical connections was observed, along with a decrease in web opening 

size when accompanied by an equal/partial capacity design ratio. Figures 6.10 

and 6.11 highlight the importance of capacity design ratios in RWS connections 
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compared to solid webbed-beam connections. A capacity design ratio larger than 

1.5, is preferable with a solid webbed-beam connection to account for steel 

hardening and prevent fracture, as Elkady and Lignos (2014) suggested. This 

capacity design ratio does not apply to RWS connections. However, the high 

ductility found in RWS connections with a high capacity design ratio (larger than 

1.5), can be attributed to two factors. The first one is the early yielding of Tee-

sections, which leads to increased ductility. The second one is due to the 

exclusion of the composite slab from testing, which would have resulted in a lower 

ultimate rotation and, consequently, reduced ductility.
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Figure 6.10: Energy dissipation and equivalent viscous damping 
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Figure 6.11: Ductility for RWS connections. 
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6.4.3 Detailing recommendations  

Different design methodologies for RWS connections have been proposed in the 

literature (Hedayat and Celikag, 2009; Momenzadeh et al., 2017; Tsavdaridis et 

al., 2017; Boushehri et al., 2019; Zhang et al., 2019; Asl and Jahanian, 2020; 

Davarpanah et al., 2020a) based on the current design guidelines for perforated 

beams in both the UK and the US (Darwin, 1990; Lawson and Hicks, 2011; Fares 

et al., 2016) as well as on the design process for RBS connection outlined in 

AISC-385 (ANSI/AISC 358-16, 2016). Despite considering the strong column-

weak beam concept, not all proposed design methodologies for RWS 

connections have addressed the capacity design ratio between the connected 

components. The strong column-weak beam and capacity design concepts are 

similar in that they aim to control how structures respond to earthquakes. Still, 

they approach the design objectives in different ways. 

The strong column-weak beam concept is a design rule that is limited to beams 

and columns. It is intended to prevent column failure by ensuring that 

plastification forms in beams before it does in columns. This is important since 

the columns’ failure can lead to the progressive collapse of a structure. On the 

other hand, capacity design is a broader principle aimed at ensuring the 

proportioned contribution of each component of the joint to the inelastic response 

of the entire joint. This discrepancy highlights a gap in current design approaches 

that warrants further investigation and the prequalification of RWS connections 

with both bolted and welded connections.  

Based on the analysis of the collected RWS database and parametric numerical 

investigation conducted in this study, recommended details for the design of RWS 

connections are proposed herein. The recommendations pertain to extended 

end-plate connections with 4 rows of bolts. The proposed details apply to both 

retrofitting existing structures and designing new ones.  

Regarding the retrofit of existing structures, it is noted that steel-concrete 

composite beams with welded shear studs present challenges. Creating a gap 

between the concrete slab and the column or removing welded shear studs over 

the protected zone, would be obstructive and costly. However, such a gap is 

essential to ensure that no forces are transferred to the column from the concrete 

slab. This minimises the possibility of slab damage and reduces the strain/stress 

demand on the column. Therefore, proper consideration of such force transfer 

mechanisms, as stated in Eurocode 8, is required when modelling the joint for 

retrofit purposes. Table 6.5 shows the recommended ratios of capacity design, 

diameter-to-depth (𝒅𝒐 𝒉𝒃⁄ ), and diameter-to-end distance (𝒅𝒐 𝑺𝒐⁄ ) for retrofitting 
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existing structures. The recommendations in Table 6.5 could serve as a starting 

point for modelling the joint for retrofitting of the existing building.  

 

Table 6.5: Capacity design requirements for RWS connections for 
retrofitting existing structures. 

Connection’s strength category  

Bolted connections 

Capacity design ratio 

Full-strength Equal-strength Partial-strength 

𝑴𝒄,𝑹𝒅 ≤ 1.3 

𝑴𝒑𝒍,𝒃 
𝑴𝒄,𝑹𝒅 = 𝑴𝒑𝒍,𝒃 

𝑴𝒄,𝑹𝒅 ≥ 0.8 

𝑴𝒑𝒍,𝒃 

𝒅𝒐
𝒉𝒃

⁄ = 0.5 – 0.67 0.7 – 0.8 

𝒅𝒐
𝑺𝒐

⁄ = 1 0.7 – 1 

Where 𝑴𝒄,𝑹𝒅 = connection bending capacity according to the component 

method in Eurocode 3-1-8 (CEN, 2005b). 𝑴𝒑𝒍,𝒃= nominal bending capacity of 

bare steel solid webbed-beam section. 𝒅𝒐= opening diameter. 𝒉𝒃 = steel beam 

depth. 𝑺𝒐= end distance from column/end-plate face to web opening centreline. 

 

Specific recommendations for detailing the size and location of web openings in 

relation to the location of shear studs are critical for both existing and new 

structures. This is particularly important when composite slab-beam interaction 

over the protected zone is necessary or unavoidable. Ensuring this can activate 

the Vierendeel mechanism for small to medium web openings, which is significant 

due to the large depth of the Tee-section at such sizes (Figure 6.14). For large 

web openings, locating them between the studs is preferable to avoid a 

premature crack in the vicinity of the web opening.  

 

 

Figure 6.12: Diameter-to-depth ratio in relation to shear studs’ location. 
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Although the guidance presented in SCI P355 guidance was developed for 

monotonic loads, it has been shown to predict the moment capacity of RWS 

connections under cyclic loads. It is well-known that the moment capacity of 

connection under cyclic loads is always lower than that under monotonic loads 

due to repeated loading and unloading. This repetition causes various 

mechanisms, such as material low cyclic fatigue, which leads to reduced 

capacity. This has been confirmed by the study of Tsavdaridis et al. (2017) which 

found that the cyclic moment and rotational capacities of the RWS connections 

were lower than those of their monotonic counterparts. The guidance outlined in 

SCI P3555 guidance is derived from the T-section approach (TSA), one that was 

initially introduced for composite perforated beams. The findings of this study, 

manifest that the SCI P355 guidance can be applied to estimate the moment 

capacity of RWS connections under cyclic loads.  

In this study, the effective yield moment (𝑴𝒚𝒆) is used to represent the 

connection’s plastic moment capacity (𝑴𝒄,𝑹𝒅) due to a lack of consensus on its 

calculation in the existing literature (Özkılıç, 2023). 𝑴𝒄,𝑹𝒅 was employed to 

assess the bending capacity of the perforated section (𝑴𝒐,𝒂,𝑹𝒅; 𝑴𝒐,𝑹𝒅) in both bare 

steel and steel-concrete composite connections according to SCI P355 guidance, 

respectively. Table 6.6 presents the statistical values indicating the applicability 

of the SCI P355 guidance in estimating RWS connections. Table 6.7 lists capacity 

design requirements for RWS connections for new structures. It is worth noting 

that these requirements follow the capacity design principles of EQUALJOINTS 

and EQUALJOINTS-Plus (Tartaglia, D’Aniello, Rassati, et al., 2018; Tartaglia, 

D’Aniello, Zimbru, et al., 2018; Tartaglia et al., 2019; Landolfo, 2022; D’Aniello et 

al., 2023), with the inclusion of recommendations from SCI P355 guidance. 

Regarding welded connections, further investigations into the capacity design are 

needed. However, based on the collected RWS database, the ideal 𝑑𝑜 𝑆𝑜⁄  ratio 

for the welded connection is 1 for a diameter equal to 0.5ℎ to 0.67ℎ. The capacity 

design ratio for the welded connection should be 𝑴𝒑𝒍,𝒄𝒐𝒍 ≤ 1.3 𝑴𝒑𝒍,𝒃.  
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Table 6.6: Statistical results for the collected RWS database and parametric 
investigations.  

  Sagging Hogging 

𝑴𝒚𝒆 /𝑴𝒐,𝑹𝒅 

Average 1.1260 -1.0170 

Maximum 1.6426 -0.8196 

Minimum 0.7445 -1.5045 

Standard 
Deviation 

0.1548 0.0891 

𝑴𝒚𝒆 /𝑴𝒐,𝒂,𝑹𝒅  

Average 1.0618 -1.0582 

Maximum 1.2439 -0.7954 

Minimum 0.7933 -1.2618 

Standard 
Deviation 

0.0635 0.0644 

 

 

Table 6.7: Capacity design requirements for RWS connections for new 
structures. 

• Full-strength: 𝑴𝒄,𝑹𝒅  ≥ 𝟏. 𝟏. 𝜸𝒐𝒗. (𝑴𝒐,𝑹𝒅 +  𝑽𝑬𝒅 . 𝑺𝒐)  

• Equal -strength: 𝑴𝒄,𝑹𝒅  ≥ (𝑴𝒐,𝑹𝒅 +  𝑽𝑬𝒅 . 𝑺𝒐)  

• Partial -strength: 𝑴𝒄,𝑹𝒅  ≥ 𝟎. 𝟖 . (𝑴𝒐,𝑹𝒅 +  𝑽𝑬𝒅 . 𝑺𝒐)  

Where 𝑴𝒄,𝑹𝒅 = connection bending capacity according to the component 

method in Eurocode 3-1-8 (CEN, 2005b). (𝑴𝒐,𝑹𝒅 bending capacity of perforated 

composite beam section according to SCI P355 guidance. 𝑽𝑬𝒅 is the shear 
force corresponding to the formation of a plastic hinge in the connected 
beam, 𝑺𝒐 = is the end distance between the connection face and the centerline 

of web opening. 𝜸𝒐𝒗 = the overstrength factor =1.25. 

Diameter-to-depth (
𝒅𝒐

𝒉𝒃
⁄ ), and diameter-to-end distance (

𝒅𝒐
𝑺𝒐

⁄ ) for retrofitting 

existing structures are applicable to design RWS connections for new 
structures. 
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6.5 Summary  

Capacity design is a comprehensive approach that ensures that each joint 

component contributes proportionally, behaving in a predictable and ductile 

manner as part of the entire joint. This approach has not been addressed in 

previous studies of RWS connections. Therefore, a comprehensive parametric 

numerical investigation has been performed and analysed for single-sided and 

double-sided steel-concrete composite connections, providing valuable insights 

into how the capacity design approach influences their performance. 

Subsequently, a database of 13 test and FE programs, including the data from 

Chapter 3 on RWS connections, was compiled and analysed. It contains data on 

both welded and bolted RWS connections with a single circular web opening. The 

total number of RWS specimens is 247, alongside their benchmarked 

counterparts, for a total of 14 solid webbed-beam connections.  

Both the parametric numerical data and the collected RWS database were 

analysed to assess the impact of capacity design ratio on ductility, energy 

dissipation and equivalent viscous damping. The findings revealed that the cyclic 

response of RWS connections is significantly influenced by the capacity design 

ratio between the connected components of the joint/connection. Proper 

consideration of the capacity design ratio ensures that a stable inelastic 

mechanism is governed when the RWS connection is subjected to cyclic loads. 

This enhances the ductility and energy dissipation of RWS connections through 

a stable yielding of Tee-sections, thereby capping plasticity to non-ductile 

components. Moreover, the assessment of RWS connections manifests the 

critical effects of the location and size of web opening, in relation to shear studs’ 

location on triggering the desirable ductile Vierendeel mechanism. 
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Chapter 7  

Conclusion  

7.1 Overview 

Steel-concrete composite moment-resisting frames (MRFs) are considered a 

suitable solution in earthquake-prone areas, with the expectation that structural 

damage would be solely confined to ductile responses, such as the yielding of 

connections and members. However, this perception was challenged following 

the extensive damage observed in steel-concrete composite MRFs during the 

1994 Northridge and 1995 Kobe earthquakes. The damage was attributed to 

brittle tearing failures in the traditional beam-to-column connections, even in 

those areas that experienced only moderate earthquake ground motion. 

Research efforts have successfully implemented fuse approaches that divert 

deformation away from the column face and concentrate them within the beam. 

These fuse approaches can be subcategorised into strengthening or weakening 

of beam-to-column connections. However, the former approach often 

necessitates extensive work and/or a complex retrofitting process that increases 

construction costs and timelines. While the latter is often achieved by the well-

known pre-qualified reduced beam section (RBS) connection, this raises 

concerns about accessibility to the top beam flange and the overall structural 

stability arising due to beam flange cuts. One of the most promising options based 

on the weakening approach is the reduced web section (RWS) connections that 

could improve out-of-plane stability. Such connections utilise perforations within 

the beam web as a means of enhancing moment capacity at the column interface, 

thereby alleviating the need for flange cuts or supplemental plates. Notably, the 

relative ease of modifying beam webs facilitates retrofitting applications 

compared to removing floors or modifying flanges. 

Although there has been extensive research about RWS connections, their 

behaviour when excited by ground motion and as slabs overlay them is yet not 

well understood. Fortunately, the inherent response mechanism of RWS 

connections, which effectively function as two separate partial beams above and 

below the web opening (top and bottom Tee-sections), facilitates the formation of 

four plastic hinges encircling the web opening via the Vierendeel mechanism. 

This distinct mechanism bridges the challenges that pre-qualified connections 

(e.g., RBS connections) encounter. These challenges relate to the potential 

impact of composite action within the protected zone that could compromise the 

fundamental "strong column-weak beam" design philosophy, by introducing an 

asymmetric yield moment mechanism.  
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This thesis aims to address the extant knowledge gap regarding the behaviour of 

RWS connections with composite slabs by comprehensively analysing the 

findings of both experimental and numerical investigations conducted as part of 

the present research alongside relevant results/data gathered and extrapolated 

from the existing literature. The primary goal is to promote the widespread 

adoption of RWS connections in designing new buildings resistant to earthquakes 

and retrofitting structures not originally designed for seismic activity. 

7.2 Summary of contributions 

Before delving into the contributions, the primary objectives of this thesis 

encompass uncovering the phenomena governing the global behaviour of RWS 

connections, exploring the impact of composite action on RWS connections and 

the applicability of SCI P355 guidance, developing numerical models for further 

parametric assessments of the local cyclic behaviour of RWS connections, and 

compiling data from the literature to assess capacity design ratios. To fulfil these 

objectives, a research program that included an extensive literature review, 

preliminary finite element analysis (FEA), testing, parametric FEA, and the 

empirical study was completed. 

Objective: Uncover the phenomena that govern the behaviour of composite 

RWS connections when subjected to cyclic actions by using adaptable but 

detailed finite element modelling (FEM). 

Achieved in Chapter 3: Preliminary FEA and Chapter 5: Parametric 

Assessments 

FEA parametric investigation in Chapter 3, uncovered the effects of composite 

action on RWS connections, contributing to understanding the seismic response 

beyond just the size and location of the web opening. Based on the parametric 

investigation, the size and location of the web opening are not the only major 

factors that influence the seismic response of RWS connections. The capacity 

design principles at the component level could be utilised to make the most of the 

RWS connections’ mechanism. Most of the RWS specimens performed well, with 

over 84% reaching a 6% drift level and all exceeding the minimum requirement 

of 4% outlined by ANSI/AISC 358-16, ANSI/AISC 341-16 and Eurocode 8. The 

findings support the idea that eliminating composite interaction over the protected 

zone helps to mitigate the inelastic demands outside the protected zone without 

compromising the beam’s stability, even leading to a significant reduction of slab 

cracking. Chapter 5 furthered this objective by developing a comprehensive FE 

model to assess various parameters, including the presence of composite action, 

thereby enhancing our understanding of the local cyclic behaviour of RWS 

connections. 
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Objective: Perform experimental tests to examine how composite action 

influences the cyclic behaviour of RWS connections, aiming to augment available 

data. 

Achieved in Chapter 4: Experimental Investigation 

This chapter directly addressed the objective by conducting experimental tests 

on demountable steel-concrete composite bolted RWS connections. The tests 

explored the impact of web opening location and the presence of shear studs on 

the cyclic behaviour of RWS connections. The results confirmed the viability of 

RWS connections for seismic retrofitting, demonstrating their strength, ductility, 

and energy dissipation capabilities, thus significantly augmenting available data 

on RWS connections. These were achieved by generating a highly ductile 

Vierendeel mechanism, resulting in concentrating the high plasticity on the beam, 

which, in turn, leads to an increase in the deformability and ductility of the 

connections. All RWS connections could achieve an inter-storey drift larger than 

4%, thereby complying with the performance targets, as set out by ANSI/AISC 

358-16, ANSI/AISC 341-16 and Eurocode 8. The adopted capacity design 

framework was effective in obtaining the expected performance; namely, plastic 

deformations occurred in the vicinity of the web openings only. This means that 

a web opening effectively constrains inelastic action in the protected zone away 

from the joint plate and the column. Hence, providing such a web opening is a 

reliable course of action, that allows for full-strength connections within the strong 

column/connection weak beam paradigm.  

Objective: Conduct comprehensive parametric assessments to extend the 

observations on the experimental results. 

Achieved in Chapter 5: Parametric Assessments 

This chapter directly achieved the objective of developing a high-fidelity FE model 

by examining 285 FE models. Through an in-depth analysis of RWS connections 

under varying conditions, it provided valuable insights into their cyclic behaviour. 

The results revealed that RWS connections exhibit cyclic strength degradation 

with medium to large web opening sizes, yet meet the seismic standards of 

ANSI/AISC 358-16, ANSI/AISC 341-16, and Eurocode 8. Notably, a good 

balance was achieved for all RWS connections, including non-composite ones. 

This balance involved a reduction in moment capacity of up to 19%, offset by 

increases in ductility and energy dissipation by up to 13% and 65%, respectively. 

The strength of RWS connections with bolted shear studs is more predictable 

than with the traditional welded shear studs, with demountable RC slabs 

contributing to about 5% of maximum strength. The size and location of the web 

opening should align with the capacity design ratio between the column, 
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connection, and the connected beam. The findings also highlighted the need for 

additional data for reliable design guidance, especially concerning the Vierendeel 

bending capacity. Recommendations were made regarding the optimal size and 

location of web openings. 

Objective: Compile test and FEA databases from this research and existing 

literature for assessing the capacity design ratio effect and the applicability of SCI 

P355 guidance (Lawson and Hicks, 2011), thereby promoting the use of RWS 

connections in MRFs in seismic areas. 

Achieved in Chapter 6: Capacity Design Assessment 

Chapter 6 involved a detailed analysis of the compiled test and FEA data to 

assess the effect of the capacity design ratio on RWS connections. This chapter 

significantly contributed to understanding how the capacity design approach can 

be effectively applied in the design of RWS connections, aligning with the 

guidelines of SCI P355. A gap in current design approaches demands explicitly 

introducing a capacity design approach when designing RWS connections. This 

is crucial, as evidenced by the results: a 15% increase in the connection's 

moment capacity led to an average 21% difference in dissipated energy, 

favouring the web opening with a diameter of 50𝑑𝑜 over 80𝑑𝑜, in RWS 

connections with the presence of composite action. The results show that proper 

consideration of the capacity design approach in designing RWS connections 

ensures a stable yield mechanism is governed, resulting in the redistribution of 

global action and capping deformation demands on non-ductile elements. This 

enhances the rotational capacity and ductility of connections through the 

formation of the Vierendeel mechanism. This chapter presents recommendations 

detailing the employment of RWS connections in both existing and new structures 

for seismic purposes. 

  



198 

7.3 Recommendations for future research 

Based on the contributions of this thesis, the following set of potential research 

topics is proposed for further investigation: 

• The limitations of current laboratory testing facilities necessitate further 

investigation into the behaviour of RWS connections subjected to 

combined gravity and earthquake loads. This is particularly concerning 

due to the location of the web opening within a high shear zone, a critical 

region during seismic events. 

• The focus of this current research was on the cyclic response of composite 

bolted RWS connections that consist of two components, namely 

extended end plate connections and the interconnected beam with web 

opening. Further physical tests should be conducted on the whole beam-

to-column RWS joints, with and without composite slab both in double-

sided and single-sided configurations. It is encouraged to follow the 

EQUALJOINTS’ prequalification method and focus on the capacity 

contribution of each component both with and without composite slab. This 

will help to augment the database and seismically prequalified RWS 

connections with different connections (e.g., welded and bolted). 

• Further review and assessment of available predictive models for bolted 

and welded connections, aimed at the development of robust guidance 

and numerical models and acceptance criteria for design and the 

promotion of the use of RWS connections in MRFs within seismic areas. 

The establishment of benchmarked models for seismic non-linear 

modelling is essential, as is setting acceptance criteria and reliably 

predicting the cyclic degradation effects and properties of RWS 

connections. These steps are crucial in assisting researchers and 

engineers in integrating these properties into analysis tools. This 

endeavour should be extended based on the developed comprehensive 

database of RWS connections in this thesis, and by incorporating data 

from future studies or any additional information not covered in this thesis 

due to unavailable results data from the existing literature, both 

experimentally and numerically. This approach ensures that the 

comprehensive database of RWS connections serves as a foundation for 

future research, allowing others to build upon and expand their knowledge 

in this field. 

• Since the current study did not consider the contact force between a 

reinforced concrete slab and the connection/column. This omission was 

intentional, as a 25 mm gap was introduced to specifically focus on the 

local response of RWS connections without the column’s contribution. The 
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purpose was to draw clear and fair conclusions regarding the presence or 

absence of composite action over the protected zone. Further 

investigation on the three force transfer mechanisms in an interior 

composite beam-to-column joint that was adopted in Eurocode 8 (CEN, 

2005d) needs to be evaluated with a suitable web opening.  
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Table A 2: Summary of Studies on RWS connections 

SN Reference 

Type 

of 

study 

Total 

number of 

specimens 

Joint 

configuration 
Loading 

Type of 

connection 

Shape of a 

web 

opening 

No. of a 

web 

opening 

Composite 

slab 

Axial 

force 

1 
(Guo et al., 

2011) 
FE 16 Frame M/C Welded Circular Single No No 

2 (Li et al., 2011) Exp. 3 Cantilever C Welded Circular Single No No 

3 
(Tsavdaridis et 

al., 2014) 
FE 27 Cantilever C Welded 

Circular, 

wide and 

narrow 

elliptical 

Single No No 

4 

(Tsavdaridis 

and 

Papadopoulos, 

2016) 

FE 11 Cantilever C 

Bolted 

extended 

end-plate 3 

rows 

Circular 

Single 

and 

multiple 

No No 

5 
(Shin et al., 

2017a) 
Exp. 5 Frame C WUF-B 

Circular and 

other 

shapes 

Single 

and 

multiple 

No No 

6 
(Shin et al., 

2017b) 
Exp. 5 Frame C WUF-B 

Circular and 

other 

shapes 

Single 

and 

multiple 

No No 

7 
(Tsavdaridis et 

al., 2017) 
FE 54 Cantilever M/C WUF-B 

Circular, 

wide and 

narrow 

elliptical 

Single No No 
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SN Reference 

Type 

of 

study 

Total 

number of 

specimens 

Joint 

configuration 
Loading 

Type of 

connection 

Shape of a 

web 

opening 

No. of a 

web 

opening 

Composite 

slab 

Axial 

force 

8 
(Erfani and 

Akrami, 2017) 
FE 12 Cantilever C Welded Circular Single No No 

9 
(Shaheen et al., 

2018) 
FE 24 Cantilever C 

Pre-

Northridge 
Circular Single Yes No 

10 
(Zhang et al., 

2019) 

Exp. 

and 

FE 

4 Cantilever C Welded Circular Single No Yes 

11 
(Boushehri et 

al., 2019) 
FE 144 Cantilever C Welded Circular Single No No 

12 
(Nazaralizadeh 

et al., 2020) 

Exp. 

and 

FE 

14 Cantilever C 

Bolted 

extended 

end-plate 4 

rows 

Circular and 

other 

shapes 

Single 

and 

multiple 

No No 

13 
(Davarpanah et 

al., 2020a) 

Exp. 

and 

FE 

5 Cantilever C Welded Elliptical Single No No 

14 
(Davarpanah et 

al., 2020b) 

Exp. 

and 

FE 

15 Cantilever C Welded Elliptical Single No No 

15 (Jia et al., 2021) 

Exp. 

and 

FE 

226 Cantilever M 

Bolted 

extended 

end-plate 5 

rows 

Castellated Multiple No No 
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SN Reference 

Type 

of 

study 

Total 

number of 

specimens 

Joint 

configuration 
Loading 

Type of 

connection 

Shape of a 

web 

opening 

No. of a 

web 

opening 

Composite 

slab 

Axial 

force 

16 (Bi et al., 2021) 

Exp. 

and 

FE 

40 Cantilever C Welded Castellated Multiple Yes No 

17 
(Tsavdaridis et 

al., 2021) 
Exp. 3 Cantilever C 

Bolted 

extended 

end-plate 3 

rows 

Circular 

Single 

and 

multiple 

No No 

18 (Xu et al., 2022) Exp. 5 Cantilever C Welded Circular Single No No 

19 
(Guo et al., 

2023) 

Exp. 

and 

FE 

5 Cantilever C Welded Circular Multiple Yes No 

Note: SN = Serial number of the study. FE = Finite element. Exp.= experimental tests. M = monotonic. C = cyclic. WUF-B = Welded 

Unreinforced Flange-Bolted Web.  
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Appendix B: Drawings 
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Appendix C: Design of Extended End-Plate Connection 
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Appendix D: Design of RWS Connections 
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