
              

City, University of London Institutional Repository

Citation: Bayat, M., Tsavdaridis, K. & Rodriguez, A. F. A. (2025). A Case Study for 

Optimising Geometry and Moment Capacity of Code Compliant Welded RWS Connections. 
Frontiers in Built Environment, 11, 1592665. doi: 10.3389/fbuil.2025.1592665 

This is the accepted version of the paper. 

This version of the publication may differ from the final published version. 

Permanent repository link:  https://openaccess.city.ac.uk/id/eprint/35205/

Link to published version: https://doi.org/10.3389/fbuil.2025.1592665

Copyright: City Research Online aims to make research outputs of City, 

University of London available to a wider audience. Copyright and Moral Rights 

remain with the author(s) and/or copyright holders. URLs from City Research 

Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study, 

educational, or not-for-profit purposes without prior permission or charge. 

Provided that the authors, title and full bibliographic details are credited, a 

hyperlink and/or URL is given for the original metadata page and the content is 

not changed in any way. 

City Research Online



City Research Online:            http://openaccess.city.ac.uk/            publications@city.ac.uk

http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk


1 

 

A Case Study for Optimising Geometry and Moment Capacity of Code 1 

Compliant Welded RWS Connections 2 

 Meysam Bayat1, Konstantinos Daniel Tsavdaridis1*, and Andres Alonso Rodrıguez2 3 

1Department of Engineering, School of Science and Technology, City St George's, University of London, 4 
Northampton Square, London, EC1V 0HB, United Kingdom 5 

2Faculty of Engineering, Universidad la Gran Colombia, Bogotá, 110231, Colombia 6 
 7 
 8 

*Corresponding author: Konstantinos.tsavdaridis@citystgeorges.ac.uk 9 

___________________________________________________________________________ 10 

 11 

Abstract 12 

A sustainable and resilient built environment requires structural solutions that minimise the use 13 

of high-environmental impact materials, while ensuring sound structural behaviour to extreme 14 

events. This study presents a seismic retrofit strategy employing reduced web section (RWS) 15 

connections to ensure inelastic behaviour initiates into the beam web within a designated 16 

protected zone, effectively protecting joints from stress concentration, while optimising the use 17 

of structural steel. RWS connections maintain flange integrity, allowing larger moment 18 

capacities to those cutting flanges while limiting out-of-plane instability to a greater extent. 19 

This method also allows for retrofitting from the level below, avoiding floor demolition. 20 

However, improper positioning or sizing of the web opening can lead to a non-compliant RWS 21 

connection compromising the capacity to withstand drift demands and altering the connection 22 

classification from fully restrained to partially restrained. To address these fine issues, this 23 

paper studies detailed finite element models aimed at optimising welded RWS connection 24 

designs subjected to AISC 341 loading protocol, while focusing on beam-column interface 25 

spacing and perforation diameter. This improves the state of the art by extending knowledge 26 

from bolted RWS to their welded counterparts, employing capacity design principles. 27 

Moreover, current literature lacks definitive guidance on optimal spacing and diameter ranges 28 

for RWS connections. This study addresses this gap by performing a parametric analysis of 29 

ninety finite element models with fixed boundary conditions in ABAQUS to identify the 30 

optimal geometrical parameters for Circular-cut RWS connections using IPE270 beams. The 31 

results show that specimens within the proposed range achieved ultimate drift demands over 32 

4%, meeting AISC criteria for special moment frames with less than 20% strength degradation. 33 

The findings highlight that RWS connections are plausible solutions for seismic retrofit low-34 

rise dwellings. 35 

 36 
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1. Introduction 42 

The construction of new steel structures exacerbates the climate crisis. According to the World 43 

Steel Association, the steel industry is responsible for approximately 7-9% of global direct CO2 44 

emissions [1]. As such, retrofitting existing steel buildings is more sustainable and economical 45 

than demolition and new construction on many occasions [2]. Various studies have explored 46 

different retrofitting techniques and their effectiveness in enhancing existing buildings' 47 

structural integrity performance. Joint strengthening and beam weakening are the most 48 

widespread approaches for enhancing ductility and improving the behaviour of buildings to 49 

earthquake-induced ground motion [3] [4]. 50 

Reduced web section connection (aka RWS connection) is a beam-weakening strategy that 51 

allows for a protected region (i.e. the zone where inelastic action clusters away from locations 52 

where fragile behaviour could happen) by performing cuts in the beam web. This is practical 53 

in construction as access is only required from the floor below, thus avoiding slab demolition. 54 

Moreover, the laying of utilities and equipment is eased as they can go through the openings. 55 

Finally, the moment of inertia of the cross-section is larger overall compared to what is 56 

observed if the flanges are trimmed. Thereby, out-of-plane stability is less likely to happen [5].    57 

The first approach for RWS in seismic design was Mark Amos Aschheim's patent in 2000 [6], 58 

which used web voids to create dissipative zones that function as structural fuses, preventing 59 

excessive stress at connections and enhancing the structure's seismic resilience. 60 

Comprehensive studies have further demonstrated that RWS connections can achieve high 61 

ductility and maintain stable hysteresis cycles, making them an efficient option for seismic 62 

retrofitting. This has been validated by both numerical simulations and laboratory testing [7] 63 

[8] [9] [10] [11] [12]. Similarly, Tsavdaridis et al. effectuated an experimental campaign 64 

showing how RWS connections outperformed RBS connections without seismic detailing, 65 

suggesting they may be more suitable for structural retrofitting in regions with low seismic 66 

hazard [13]. Furthermore, their studies showed that RWS connections on low-rise buildings 67 

can achieve stable hysteresis loops without significant strength degradation due to the 68 

simultaneous occurrence of the Vierendeel mechanism in the beams, protecting the beam-69 

column connection. In Davaranpanah et al. experimental campaign, they compared RWS 70 

connections with RBS connections finding that the former achieved enhanced strength, 71 

stiffness, ductility, and lateral-torsional stability [5]. Tabar et al. showed that improved 72 

behaviour at meso-scale led to enhanced seismic performance of low-rise buildings. This was 73 

corroborated by effectuating incremental dynamic analyses on simulations having RWS and 74 
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RBS connections. They found that models furnished with limited-ductility RWS connections 75 

without capacity design principles have at least 25% lower chances of exceeding 1%, 2%, and 76 

4% inter-story drifts than RBS connections within the same structure and with comparable 77 

detailing. Additionally, their collapse probabilities were one-third lower [14].  78 

Although there are guidelines for assessing the structural capacity of beams with web openings 79 

subject to monotonic loads [15] [16], specifications for design considering earthquake actions 80 

for moment frames are lacking, regardless of ample evidence of the capabilities of RWS for 81 

enabling stable inelastic action. For example, the Recommended Seismic Design Criteria for 82 

New Steel Moment Frame Buildings (SAC Joint Venture), also known as FEMA 350, focuses 83 

on prequalified connections that modify the beam's flanges or strengthen the beam-column 84 

connection using plates [3]. However, RWS connections are not prequalified in the guidelines 85 

yet and is highlighted that “an understanding of the utility of this system for enduring seismic 86 

actions is developing” [3]. This study contributes to addressing this knowledge gap by 87 

performing a parametric assessment of the behaviour of welded RWS connections, considering 88 

different geometric configurations, a first critical step for prequalification.  89 

Although there has been previous research about the seismic behaviour of welded RWS, 90 

including both numerical simulations and experimental assessments that reiterate the capacity 91 

of these contentions to endure cyclic demands expected from earthquake actions, attaining a 92 

performance comparable to their bolted counterparts. However, these assessments considered 93 

a few numbers of specimens, and they did not address overstrength characteristics or propose 94 

geometric constraints to enforce capacity design principles.  95 

Consequently, this study aims to perform a parametric analysis of welded RWS connections 96 

for low-rise buildings. They will be based on detailed finite element (FE) simulations of 90 97 

specimens subjected to prequalification testing protocols following AISC guidelines. 98 

Henceforth, this paper is structured as follows; firstly, overall characteristics of the behaviour 99 

of seismic steel connections are introduced in Section 2, making emphasis on the 100 

prequalification process. Then, properties of the expected behaviour of ductile RWS 101 

connections are discussed in Section 3, particularly highlighting the expected failure 102 

mechanism of the connection. Section 4 presents the validation protocol of the simulations, 103 

which focused on the replication of tests performed on welded steel connections. Section 5 104 

presents the procedure for the parametric assessments along with the most relevant results. 105 

Finally, the work is wrapped in the conclusions, where the most significant results are 106 
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summarised, along with introducing the limitations of the scope of the study and further 107 

research.  108 

2. Prequalification Framework for Seismic Resiliency of Steel Moment Frame 109 

Connection 110 

 Prequalification is the most widespread approach for demonstrating compliance of steel 111 

connections with performance targets set up by specifications [17]. It involves real-scale testing 112 

of connection specimens following a pre-defined demand protocol. These demands are 113 

imposed displacements at inflexion points of columns representing interstorey drift demands. 114 

The AISC testing protocol is shown in Figure 1. It is the most widely used prequalification 115 

protocol [17], but there are currently alternatives being developed to represent seismic demands 116 

in Europe [15]. 117 

Particularly, the following characteristic ordinates are of interest. (i) Effective yielding, which 118 

corresponds to the onset of appreciable structural damage leading to non-reversible 119 

deformation. In the AISC guideline [17], it is the ordinate of the moment-rotation backbone 120 

hysteresis curve where the specified yielding moment of the connection is reached. (ii) 121 

Maximum moment capacity, corresponding to the largest moment recorded during the imposed 122 

cyclic drift demands up to the maximum applied drift, 6% (at which the analyses stop). (iii) 123 

The ultimate moment, namely the moment and drift ordinates for which vertical load carrying 124 

capacity is compromised, or moment decreases by 20% from the maximum moment capacity. 125 

An outline of the backbone curve, i.e., the envelope of the typical hysteretic response of a 126 

moment connection is shown in Figure 2. 127 

 128 

Figure 1: AISC 341 loading protocol [17]  129 
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 130 

Figure 2: Typical backbone curve for characterising the response of a steel connection, following 131 
AISC 341  132 

A connection within an intermediate moment resisting frame is required to reach a 0.02 ultimate 133 

interstorey drift demand, whereas a minimum 0.04 ultimate interstorey drift demand must be 134 

attained for deployment within a special moment resisting frame (SMF) [17].  135 

3. Ductile Mechanisms of a Welded RWS Connection 136 

RWS connections aim at clustering inelastic action by weakening the cross section after making 137 

perforations on the beam's web. Henceforth, capacity design must be enforced to preclude 138 

damage elsewhere. The column, the panel zone at the intersection of the beam and column, 139 

connecting welds and the vicinity of the column-beam interface are critical locations. The 140 

overall geometry of a welded RWS connection with RWS geometry parameters is shown in 141 

Figure 3. 142 

 143 

 144 

Figure 3: RWS connection geometry 145 
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The first ductile mechanism of an RWS connection is the complete yielding of the reduced 146 

cross-section, as shown in Figure 4. The cross-section deforms according to Euler-Bernoulli's 147 

plane section hypothesis, leading to compression at the bottom leg, while tension at the upper 148 

one. Hence, moment capacity is given by: 149 

𝑀𝑃1 = (𝑍 −
𝑑𝑡𝑤

2

4
) 𝑓𝑦  (1) 150 

Where MP1 is the plastic moment of the reduced cross-section, Z is its plastic modulus, tw is the 151 

beam's web thickness, and fy is the yielding strength of the steel. However, reaching this plastic 152 

modulus requires effective transfer of shear across the perforation, (Figure 5), namely: 153 

𝑀𝑃𝑡𝑒𝑒 >  𝑉
𝑑𝑜

8
  (2) 154 

 155 

Figure 4: Full plastification of the reduced cross-section 156 

As moment demands are taken in the middle of the symmetric Tee stubs (Figure 5), V describes 157 

the shear at the centre of the perforation. If moment capacities of the tee stubs (MpTee) at the 158 

edge of the perforation are less than the value prescribed by Equation (2), the moment capacity 159 

will become lower than what corresponds to the full plastification of the reduced cross-section, 160 

leading to the Vierendeel mechanism. In this case, capacity will be controlled by yielding the 161 

tee stub sections. Nevertheless, yielding of the reduced cross-section and inelastic action on 162 

the edges of the perforation are usually concurrent.  163 
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 164 

Figure 5: Equilibrium of T Stubs 165 

 166 

Also, it is possible that the Euler-Bernoulli plane hypotheses don't hold for the whole cross-167 

section, leading to strain incompatibility between the sections outside the opening (Figure 6). 168 

Namely, both upper and lower tee sections will observe both compressive and tensile strains, 169 

as sections of two beams stacked together, having only the same deflections.  170 

2𝑀𝑝2 > 2𝑍𝑇𝑒𝑒𝑟𝑓𝑦  (3) 171 

In this case, moment capacity is given by Equation (3), where ZTeer is the plastic section 172 

modulus of each of the tees right over the centre of the perforation. 173 

 174 

Figure 6: Yielding with relative sliding on both tees of the cross-section 175 

However, other fragile mechanisms are possible. Being the most critical local flange bucking 176 

and web crimpling. The first is a consequence of failure in compression of the upper tee (Figure 177 

3) when subjected to sagging moments. The same phenomenon is observed in the bottom tee 178 

when the moment reverses. The second is caused by an insufficient beam web thickness to 179 

efficiently transfer shear induced by tension and compression actions across the cross-section, 180 

away from the perforation. These undesirable failure modes can be mitigated if Equation (4) 181 

holds:  182 
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𝐶 +  
4𝑀𝑝

ℎ−𝑑0

2𝑆

𝐿−2𝑆
> 𝑉𝑠 = 0.3𝑓𝑦𝑡𝑤(2𝑠 − 𝑑𝑜)  (4) 183 

Capacity design can be enforced to ensure that connection elements away from the perforation 184 

remain elastic. This is done by performing checks for axial, and shear demands considering 185 

increased moments by the overstrength factor that consider strain hardening, provision of 186 

stronger-than-expected materials and inelastic load redistribution. The factor by which design 187 

moments are increased for performing these checks is called the overstrength factor [28]. In 188 

this study, factors related to load redistribution will be assessed, by considering the results of 189 

detailed FEMs of connection specimens.   190 

4. Methodology  191 

The behaviour of beam-to-column joints can be evaluated with the aid of the component 192 

method, largely adopted in research and incorporated into the Eurocode 3 (EC3) [18]. From a 193 

theoretical point of view, it can be applied to any connection, provided that the primary sources 194 

of strength and deformation are appropriately identified and modelled [19]. The component 195 

method considers the individual components of the connection, such as the beam, column, end 196 

plate, bolts, and welds, and analyses their behaviour and interactions within the whole 197 

connection. Breaking down the connection into its constituent parts helps to understand the 198 

complex behaviour of connections under various loading conditions, thus easing the 199 

formulation of design guidelines [18]. Following the objectives of this study, we deliberately 200 

modelled the beam with fixed ends, assuming an infinitely strong panel zone, to strip away the 201 

beneficial flexibility of the column and panel zone and thereby isolate the influence of the 202 

reduced‑web‑section (RWS) geometry on cyclic response; this yields a conservative 203 

upper‑bound on plastic rotations and drift demands. 204 

Other researchers like Mojtabaei et al. [20] have validated this approach, Phan et al. [21], Ye 205 

et al. [22], and Horton et al. [23] [24] [25]. This ensures that changes in response are due to 206 

alterations in RWS geometry, providing clear insights into its behaviour under seismic cyclic 207 

loading. Later, where frame‑level estimates are required, the additional rotation of the joint 208 

components can be superimposed using the EC3 component method [18], ensuring that the 209 

conclusions of our 90‑specimen parametric study remain applicable once realistic joint 210 

flexibility is reintroduced. 211 

In this study, a numerical framework developed in ABAQUS and Python, which was 212 

benchmarked against two experimental studies [5] [26]. Then, ninety model assessments were 213 
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made on a beam fixed (rotation-constrained) on a column. Interstorey drift demands are lower-214 

bound capacity estimates, as column and panel zone deformations are neglected.  215 

Key focus areas include identifying combinations of S and do where yielding is confined to the 216 

protected zone around the perforation, thus supporting capacity design. The analysis also 217 

defined scaling factors to characterise the connection's moment capacity relative to the 218 

plastification of the reduced cross-section, leading to the formulation of overstrength factors 219 

related to load redistribution. The overall methodology is shown in Figure 7.  220 

 221 
Figure 7: Flowchart illustrating the methodology used in this study 222 

4.1 Validation of FE models 223 

This study considered two full-scale sub-assemblies previously investigated experimentally to 224 

validate the proposed framework by generating FE models in ABAQUS. Davarpanah et al. [5] 225 

studied the cyclic behaviour of RWS (HE-RWS) connections with elliptical web openings, 226 

while Nia et al. conducted two identical experimental investigations on the Welded 227 

Unreinforced Flange-Welded Web connection to box columns under biaxial bending under the 228 

name (DC-M-1 and DC-M-2) models [26]. The cyclic load applied in both experiments 229 
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followed the AISC/ANSI 341-16 loading protocol. Details of both experiments are tabulated 230 

in Table 1, and further information can be found in [5] and [26]. 231 

 232 

Table 1: Detail of HE-RWS and DC-M connections from experimental tests (F: Flange, W: Web, L: 233 
Length, D: Depth, B: Breadth, L: Length) & (ν in all models equals to 0.3) 234 

Test Section/Part Thickness 

(mm) 

Dimensions 

(mm) 

Young's 

Modulus 

(GPa) 

Yield 

Stress 

(MPa) 

Ultimate 

Stress 

(MPa) 

Elongation 

(%) 

H
E

-R
W

S
 

IPE270  

Beam 

F: 10.2 

W: 6.6 

D: 270 

B: 135 

L: 1070 

F: 196.0 

W: 191.3 

F: 265.1 

W: 250.3 

F: 405.3  

W: 398.4 

F: 24.2  

W: 27.6 

IPB200 

Column 

F: 15.0 

W: 9.0 

D: 200 

B: 200 

L: 1500 

F:198.7

W: 196.3 

F: 286.6 

W: 295.5 

F: 415.8  

W: 403.2 

F:23.5  

W: 25.6 

Doubler Plates 10.0 370×150 196.5 265.1 405.3 24.2 

Continuity 

Plate 

10.0 170×87 196.5 265.1 405.3 24.2 

Stiffeners 12.0 249×64 196.5 265.1 405.3 24.2 

D
C

M
-1

 &
 D

C
M

-2
 

Beam F: 15 .0 

W: 8.0 

D: 330 

B: 240 

L: 2500 

201.0 F: 351.0 

W: 252.0  

F: 482.5 

W: 399.6   

F: 27.5 

W: 30.8   

Box column Plate: 20.0 D: 400 

B: 400 

L: 3000 

201.0 252.9 364.3 35.0 

Continuity 

Plate 

25.0 360×348 201.0 252.5 321.6 32.3 

Shear Plate 8.0 260×100 201.0 351.0 482.5 27.5 

Stiffeners 8.0 300×116 201.0 351.0 482.5 27.5 

 235 

4.2 Overall properties of the FEM models employed in this study 236 

The steel behaviour is modelled using a trilinear stress-strain curve with combined hardening 237 

for all elements. Full 3D nonlinear static analyses were effectuated, using the Newton-Raphson 238 

algorithm as the numerical solver within ABAQUS. This approach effectively accounted for 239 

nonlinearities arising from large displacements and deformations while neglecting inertial 240 

effects on the specimen. Additionally, 4-node reduced integration shell (S4R) elements were 241 

employed to enhance computational efficiency and accurately capture local buckling behaviour 242 

observed in both the beam web and flanges. Out-of-plane displacements are restricted by 243 

providing lateral support at boundaries. Sensitivity studies of the configuration and the density 244 

of the FE mesh size led to an optimal element size of 15mm. The welding line was not explicitly 245 

modelled in the FEM sub-assemblies, and instead, tie constraints were used to model the welds. 246 

This is a reasonable modelling assumption, as the capacity design of these welds will ensure 247 
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their elastic response. This is a widely accepted assumption in practice and research [5], [25] 248 

[27]. Also, global buckling of the girder is prevented due to bracing provided by beams.  249 

 250 

4.3 Benchmarking with HE-RWS connection by Davarpanah et al. 251 

The specimen is an RWS connection with a horizontal elliptical opening in the beam web (HE-252 

RWS) [5]. An IPE270 was used for the girder and an IPB200 for the column. Connection 253 

details, such as the doubler plate, continuity plate dimension, and weld properties, followed the 254 

tested prototype. The connection sections were made of grade ST37 Iranian steel (similar to 255 

S235 in the European standard). The modelling approach was initially benchmarked by 256 

simulating the experimental study by Davarpanah and his collaborators, as shown in Figure 7. 257 

 258 

Figure 7: Distribution of Von Mises stress and Local buckling of the flange in the FE: (a) HE-RWS 259 
Von Mises stress (b) HE-RWS after testing 260 

Figure 8 compares the outcomes (hysteresis curves) of the modelling scheme proposed in this 261 

study with the experimental results of Davarpanah's study (FEM curve plotted directly on top 262 

of the experimental curve from the literature). There is an acceptable agreement between the 263 

current FEM results compared to the experimental and FEM results in the mentioned study. 264 
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 265 

Figure 8: Comparison of the current FEM (in red) with the experimental study (in blue) by 266 
Davarpanah for the HE-RWS connection [5] 267 

4.4 Mesh optimisation 268 

The optimisation of the FE analysis involved comparing results from dense meshes (using 5mm 269 

elements) with sparser meshes (using 15mm and 20mm elements). The overall moment-270 

rotation curves were practically similar for both mesh densities, even though the running 271 

computing time for the dense meshes was significantly longer. Hence, element sizes between 272 

15mm and 20mm were adopted for the parametric analyses. Table 2 presents the tabulated 273 

negative and positive maximum moments for benchmarking with Davarpanah's experimental 274 

results and that of FEA. 275 

Table 2: Benchmarking with Davarpanah's experiment and FEA 276 

Specimen Max Moment (kN.m) Error (%) 

HE-RWS (Experimental) +131.4 -133.5 - - 

HE-RWS (FEA-Davarpanah) +133.4 -134.1 1.5 0.44 

HE-RWS (Mesh 15 mm) +133.6 -132.9 1.67 -0.44 

HE-RWS (Mesh 5 mm) +127.6 127.4 -2.89 -4.56 

 277 

It is crucial to highlight that the maximum moment (Mm) value has a low sensitivity to mesh 278 

size. However, its corresponding rotation, θm is sensitive. For instance, a change as small as 1 279 

mm in mesh size can alter the value of θm. This sensitivity arises from the fact that the peak 280 

moment typically occurs during the larger cycles of the loading protocol while interstorey drift 281 

demands were already large. Such sensitivity is important when determining the peak points to 282 

define yield points using the idealised force-deformation method recommended in FEMA 356 283 

[28]. Nevertheless, this issue was critical only when comparing the outcomes of the 20 mm and 284 

15 mm element-size meshes, while becoming negligible as the results of the 5 mm element-285 

size mesh were benchmarked against the 15 mm one. Henceforth, this element size was adopted 286 

hereinafter.  287 
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 Benchmarking with DC-M connection by Nia et al. 288 

To provide further reassurance, a second benchmarking assessment was carried out. This time, 289 

testing on a welded, unreinforced web connection to a box column (WUF-W) was considered 290 

[26]. The connection, which included shear tabs and continuity plates, was intended to 291 

represent a medium-sized multi-storey exterior connection. The tie command is used to model 292 

all welds. Kinematic coupling to a reference point simulated the load point and fixed column 293 

end arrangements. Further details of the connection and the experimental setup can be found 294 

in the literature [26]. 295 

The buckling of the flanges at a 6% drift is shown in Figure 9. Outcomes of the finite element 296 

model considered in this study can replicate the observed failure mode.  297 

         298 

Figure 9: DC-M deformation of FE model ((PEEQ) contour plot) and experimental study, both at 6% 299 
drift 300 

In addition, Figure 10 compares the obtained hysteresis curves using the modelling approach 301 

of this study, with the results of the experiments and FEAs provided in Nia et al. The black 302 

solid curve is the outcome of this study's simulation. The blue and red curves represent the 303 

measured total forces (kN) at the tip of the beams and the rotations observed during the identical 304 

experiments conducted by Nia et al. [26]. 305 
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 306 

Figure 10: Comparisons of the current FEM result (in black) with those from two identical 307 
experiments conducted by Nia et al. for DC-M models [26] 308 

Figure 10 indicates an appropriate fit between the results, verifying the current FE model's 309 

ability to predict the strength degradation by local buckling in the plastic hinge region. 310 

Ultimately, the FEM developed in this study employs a single Python script in ABAQUS 311 

capable of accurately representing the moment-rotation hysteretic curves for two entirely 312 

different experiments with varying properties and geometries.  313 

5. Parametric Analysis  314 

After FEM validation, the material properties of HE-RWS presented in Table 1 are selected for 315 

parametric studies. A parametric study of 90 specimens with fixed beams with isolated web 316 

openings was carried out. The models are IPE270 beams with web opening geometry 317 

parameters, as shown in Figure 3, ranging from 0.30h to 0.75h, along with nine S variations 318 

spanning 0.40h to 2h for each beam. These specifications are reasonable for low-rise buildings, 319 

considering bay widths ranging between 3.5m to 4m, leading to span/height ratios between 12 320 

to 15. Table A1 shows the beam properties and RWS parameters used in FEA, while Figure 321 

the table illustrates the PEEQ and corresponding Von Mises for all cases. Key outcomes from 322 

this parametric study include the characterisation of backbone curves, computation of PEEQ 323 

and Von Mises strains, yield, peak and ultimate moments discussed in Section 2, besides 324 

determining which combinations of S and do result in yielding only in the protected zone. 325 

The equivalent plastic strain index (PEEQ) is one of the most effective parameters for 326 

determining the likeness of the connection assembly being brittle or ductile and has been used 327 

by researchers as a criterion of plastic strain demand [29] [30]. Thus, this index is considered 328 

a scale for measuring the local inelastic strain demand [31]. The PEEQ index values are used 329 

to determine the location of the plastic hinge under cyclic loading conditions [32]. An increase 330 

in the PEEQ index for a specific location indicates a higher possibility of cracking, damage, or 331 
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deformation occurring in that region [32]. In addition, another study showed that high PEEQ 332 

values indicate a high likelihood of fracture due to tearing at a relatively low drift angle [33]. 333 

Complimentarily, FEMA 350 has highlighted that when the plastic hinge forms in the beam at 334 

the face of the column, this can result in large inelastic strain demands on the weld metal and 335 

surrounding heat-affected zones. These conditions can lead to brittle failure [3]. Hence, the 336 

PEEQ distributions are also considered to evaluate whether inelasticity initiates into the beam 337 

web within the designated protected zone away from the column face; therefore, protecting 338 

welds and fragile components from inelastic action.  It is expected that providing appropriate 339 

combinations of S and do should lead to low inelastic action at the beam-column interface, 340 

hence attaining low PEEQ values there.  341 

All models consider a fixed beam (encastré) at the column face, thereby all six degrees of 342 

freedom are restrained. While, cyclic drift demands are applied at the inflection point of the 343 

beam in both Scenarios, in accordance with  AISC 341 [17]. In detail, it is applied 35mm from 344 

the top of the beam. The imposed drift time history is taken up to two cycles of 0.06 rad with 345 

increments of 0.01 rad, as shown in Figure 1. It must be highlighted that drift capacity 346 

outcomes are lower-bound estimates as they neglect column and joint deformations. Capacity 347 

design of these elements can be calculated once overstrength factors have been computed for 348 

the fixed-on-the-column paradigm being considered. Once capacity design is enforced, plastic 349 

behaviour will be confined to protected zones, namely the vicinity of the perforations, hence 350 

keeping elastic behaviour on columns and joints. Likewise, initial imperfections are a 351 

secondary concern for this study as the emphasis is made on low-rise buildings with welded 352 

hot-rolled short span beams, which have relatively stocky beams and columns. The archetypal 353 

model is shown in Figure 11. Appendix A (Figure A4) illustrates an example of the 354 

displacement time history, developed in accordance with the AISC 341 loading protocol [17], 355 

that is shown in Figure 1 and applied to the subassembly depicted in Figure 11. 356 
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 357 

Figure 11: Typical FEM model considered in the parametric analyses 358 

 359 

5.1 Yield moment 360 

The effective yield moment was initially estimated considering Equations (1) and (2). 361 

However, it was found that for most cases (56%), the maximum moment capacity does not 362 

exceed the theoretical plastification moment, regardless of the fact that stable hysteresis loops 363 

were obtained, and plasticity was constrained around the perforation. Hence, achieving 364 

acceptable behaviour considering capacity design principles. The reason for this outcome is an 365 

early development of the Vierendeel mechanism on the edges of the perforation, that limited 366 

extensive plastic action at the reduced cross-section. It must be stressed that 75% of compliant 367 

specimens showcased a maximum moment larger than 90% of the effective yielding moment, 368 

making results reliable.  369 

Yet, there is a need to adopt a better definition of the effective yield moment as a significant 370 

share of capacity design-compliant cross sections will not achieve it. After reviewing diverse 371 

options, the most efficient alternative was taking an offset of 0.2% radians of the slope of the 372 

moment/rotation curve (i.e. the elastic moment/rotation stiffness). Then, the yield moment was 373 

defined at the intersection of the offset and the hysteresis curves, as shown in Figure 12.  374 
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 375 

Figure 12: 0.2% drift offset approach for definition of the effective yield moment 376 

As it is demonstrated (in Appendix B) the 0.2% drift offset method leads to a stiffness 377 

degradation of less than 20% at the effective yield, akin to the 20% limit on strength 378 

degradation for acceptance of the connection [17]. Thereby, this definition was adopted in this 379 

study and the effective yield moment My will be defined this way hereinafter.  380 

Figure 13 displays changes in the yield moment My with varying parameters S and do for the 381 

90 combinations. The results evidently showed that S has a mild effect on the yield moment, 382 

while do is the dominant parameter. Particularly, there is a reduction in the moment capacity by 383 

more than 52% for the case with the largest perforation (75% of the beam height) compared 384 

with a solid beam (without perforation). 385 

      386 

Figure 13: The effect and the interaction of (S and do) on the yield moment reduction (normalised) for 387 
90 circular RWS connections (left figure: 3D view, right figure: Top view) 388 
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Also, the effective yield moment does not necessarily match the theoretical plastic moment 389 

(Equation 1). This outcome was previously observed in the literature [34]. One of the reasons 390 

is that the RWS connections may exhibit different yielding mechanisms depending on S and do 391 

as stated in Section 3. Therefore, a least-square nonlinear regression was performed to assess 392 

the variability of the yielding moment capacity in terms of the geometrical parameters of the 393 

RWS connection. It leads to the following value for the expected value of the ratio of observed 394 

effective yield moment and the theoretical plasticisation value:          395 

𝑀𝑦

𝑀𝑝

= 1.0631 − 0.4607
𝑑𝑜

ℎ
+ 0.5803

𝑠

ℎ
− 0.7395 

𝑑𝑜

ℎ
 
𝑠

ℎ
  (5) 

 396 

With a standard deviation of 0.028. Note that negative values are not allowed. However, they 397 

are extremely unlikely for reasonable values of do/h and S/h (within 0.35 and 0.75 for the former 398 

and 0.5 and 2 for the latter). Equation (5) has an explained variance R2 of 0.86. Lower bound 399 

suggested design values (taken at minus one standard deviation) are: 400 

 401 

𝑀𝑦𝐷

𝑀𝑝

= 𝐶𝑦𝐷 = 1.0351 − 0.4607
𝑑𝑜

ℎ
+ 0.5803

𝑠

ℎ
− 0.7395

𝑑𝑜

ℎ

𝑠

ℎ
 

(6) 

 402 

5.2 Maximum moment and static overstrength 403 

Normalised peak moment values by the capacity of the solid IPE270 beam are shown in Figure 404 

14. In these figures, a reduction of 52% in the moment capacity can be observed between the 405 

lower and upper limit values of the parameter do. However, only a reduction of 25% is observed 406 

in the peak moment when assessing S solely. 407 

 408 

Figure 14: The effect and the interaction of 90 (S and do) combinations on the maximum moment 409 
strength reduction (normalised peak moment compared to that of the solid beam) 410 
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These trends are explicitly quantified when formulating analytical expressions for the static 411 

overstrength factor, namely the ratio between the yield moment and the maximum observed 412 

moment capacity. This parameter is critical for scaling shear and tensile demands for 413 

components outside the protected zone, thus ensuring that inelastic action is averted in them. 414 

Thus, a least-square nonlinear regression was effectuated to estimate the expected value of the 415 

overstrength factor (Equation (7)).  416 

𝑀𝑚𝑎𝑥

𝑀𝑦

= 𝛺𝑠 = 1.4940 − 1.5461
𝑑𝑜

ℎ
− 0.1517

𝑆

ℎ
+ 1.2940 (

𝑑𝑜

ℎ
)

2

+ 0.1546
𝑑𝑜

ℎ

𝑆

ℎ
+ 0.0595 (

𝑆

ℎ
)

2

  
(7) 

 417 

While its explained variance R2 is 0.93, negative values are not allowed, yet they are extremely 418 

unlikely for reasonable values of do/h and S/h ratios whose limits had been already stated. We 419 

recommend adopting an upper bound limit (at one standard deviation away) for design values, 420 

hence:    421 

                𝛺𝑠𝑑 = 1.5090 − 1.5461
𝑑𝑜

ℎ
− 0.1517

𝑆

ℎ
+ 1.2940 (

𝑑𝑜

ℎ
)

2

+ 0.1546
𝑑𝑜

ℎ

𝑆

ℎ
+ 0.0595 (

𝑆

ℎ
)

2

 
(8) 

5.3 Compliance with capacity design principles 422 

Capacity design requires that inelastic action is clustered within designated locations in the 423 

beam-column connections, designated as protected zones [17]. For RWS connections, these are 424 

over the immediate vicinity of the web perforations. Checking for inelastic behaviour was done 425 

by assessing contour plots of Von Mises stresses and Plastic Strain Equivalent. It is observed 426 

that large openings (do/h > 0.65) are capable of avoiding inelastic action in the beam-column 427 

interface, joint plates, and critical welds. Still, they reduce the moment capacity of the 428 

connection significantly (more than 20% following Equation (3)). This outcome was observed 429 

even for the shortest distance from the column (0.35h). However, other combinations of S and 430 

do successfully achieve this outcome with lesser moment reduction capacity. All combinations 431 

of do and S parameters that allow for compliance with capacity design principles are outlined 432 

in Table 3. An example illustrating how a suitable combination of S and d₀ produces the RWS 433 

mechanism capable of moving the plastic hinge away from the column face is shown in 434 

Figure A3 in Appendix A. 435 

Table 3: Successful combinations of (S and do) resulting in compliant RWS mechanism. (All FE 436 
models are listed in Table A1 and are shown in Figure A1) 437 

(S/h) % (do/h) % 

 30 35 40 45 50 55 60 65 70 75 
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40 - C2 C3 C4 C5 C6 C7 C8 C9 C10 

60 - C12 C13 C14 C15 C16 C17 C18 C19 C20 

80 - - C23 C24 C25 C26 C27 C28 C29 C30 

100 - - - C34 C35 C36 C37 C38 C39 C40 

120 - - - - C45 C46 C47 C48 C49 C50 

140 - - - - - C56 C57 C58 C59 C60 

160 - - - - - C66 C67 C68 C69 C70 

180 - - - - - - C77 C78 C79 C80 

200 - - - - - - C87 C88 C89 C90 

 438 

Results presented in Table 3 allow for formulation of a criterion for identifying if a particular 439 

RWS connection is capable of compliance with capacity design principles. For that purpose, 440 

logistic regression was effectuated to estimate the probability of obtaining a stable Vierendeel 441 

failure mode around the perforation (and thus ensuring compliance with capacity design). The 442 

following expression was found (Figure 15): 443 

𝑃𝐴 =
1

1 + 𝑒−𝑦
 

    (9) 

  

2.0131𝑥10−5 = 0.2543 (
𝑆

𝐻
)

%
− 0.2977 (

𝑑𝑜

𝐻
)

%
− 0.029 (

𝑆

𝐻
)

%
(

𝑑𝑜

𝐻
)

%
 

      

(10) 

  

Where PA is the probability of avoiding yielding outside the protected zone. S/h and do/h ratios 444 

must be expressed as percentages. Equations (9) and (10) lead to a receiver operating 445 

characteristic (ROC) area under the curve of 0.99, thus making them reliable for design. 446 

Likewise, the outermost point from the origin of the ROC curve is observed for a median value 447 

(50% probability of being exceeded). Hence, this study suggests that taking a PA value larger 448 

than the 50th percentile is reasonable for characterising a connection as acceptable for seismic 449 

applications. The limit state will be observed for the curve: 450 

2.0131𝑥10−5 = 0.2543 (
𝑆

𝐻
)

%
− 0.2977 (

𝑑𝑜

𝐻
)

%
− 0.029 (

𝑆

𝐻
)

%
(

𝑑𝑜

𝐻
)

%
 

    (11) 

 451 
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 452 

Figure 15: Probability of having yielded solely in the protected zone, for diverse S (abscissa) and do 453 
(ordinate) 454 

5.4 Rotation capacity and strength degradation 455 

Results of the parametric assessments indicate that all acceptable specimens following criteria 456 

presented in Section 5 showcase a highly ductile behaviour. Peak moment is always larger than 457 

80% of the maximum values for drifts less than 0.04, hence allowing for deployment of 458 

connections within Special Moment Frames, per AISC 341 regulations [17]. As shown in 459 

Figure 16, this is the case for a large number of web openings and spacings, thus allowing for 460 

diverse design alternatives. 461 

 462 

Figure 16:  Backbone curves for specimens with do/h = 0.75, 0.65, 0.55, 0.45 463 
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 464 

Furthermore, if the ratio S/h is lower than 1.0, strength degradation can be limited to less than 465 

10% for all cases. Even for large openings (do/h ratios) 6% drift demands can be reached with 466 

negligible loss of moment capacity. However, this comes with the drawback of a low yield 467 

moment. It can be beneficial for cases where beam-column welds are relatively weak, as shear 468 

demands can be capped. Moreover, hysteresis cycles of several specimens showcase large area, 469 

stable hysteresis loops. Note how there are gentle transitions on stiffness, thus precluding 470 

ringing and pinching. Likewise, origin wandering is negligible, indicating that there is no strain 471 

accumulation in a particular direction as long drift demands are symmetric. This further 472 

supports the fact that inelastic action is clustered within the protected zone. 473 

6. Concluding Remarks 474 

This study confirms that Reduced Web Section (RWS) connections are a plausible solution for 475 

seismic retrofit of buildings when RWS geometric parameters are chosen appropriately. 476 

Detailed parametric finite element model simulations indicate that they are capable of enduring 477 

4% drift demands while showcasing stable hysteresis cycles. Likewise, in all cases assessed 478 

where yielding is inhibited outside the protected zone, strength reduction beyond 4% drift 479 

demands was less than 20%. This indicates that RWS connections are a ductile solution that 480 

can be deployed within special moment frames according to AISC [17]. 481 

Also, appropriate combinations of opening diameters do and web spacings from the column 482 

face S that led to plastic actions only in the protected zone (i.e. in the vicinity of the perforation) 483 

were found. This led to the formulation of an analytical expression for estimating the 484 

probability of yielding avoidance outside the protected zone, for given S and do values. 485 

Moreover, design combinations following capacity design principles can be proposed by 486 

considering a median (50th percentile) threshold. Likewise, results allowed for the derivation 487 

of analytical expressions in terms of do and S to define overstrength factors. They are key to 488 

account for increased shear and tensile demands outside the protected zone. It is recommended 489 

to adopt one plus standard deviation values for design. Henceforth, an analytical expression is 490 

provided for that purpose. 491 

Overall, beams with end distance from the column face to the centreline of the perforation less 492 

than one times the beam’s depth, and opening diameter less than half the beam’s depth, can be 493 

expected to develop moments more than 80% of the capacity of solid beams, while inelastic 494 
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stresses developed away from the welding connection zone (within the pre-allocated zone). 495 

Additionally, they will be able to sustain more than 85% of the peak moment for drifts larger 496 

than 4%. Beams with larger web openings can reach 6% drifts without significant strength 497 

degradation. However, effective yielding moments can be significantly lower than the capacity 498 

of their unperforated (solid) counterparts when the web opening position is inappropriate as 499 

shown in Figure 15. In this case, the capacity reduction can be useful for retrofitting of 500 

buildings where shear transfer can be compromised due to the relaxed adoption of sound 501 

seismic capacity design principles for elements outside the protected zone.  502 

Consequently, this study hints that use of RWS connection for seismic retrofit is plausible, 503 

particularly where shallow fully welded beams are employed in the lateral load resistance 504 

systems. Focus was made on one steel beam profile (IPE270), because it allows for testing in 505 

moderate-scale facilities; yet it can be deployed in lateral-load resisting frames with bay widths 506 

spanning 3m to 4 m. Moreover, welding to the column was considered instead of bolting. This 507 

choice is reasonable as transfer of large tensile and compressive couple actions requires the 508 

provision of many bolts that lead to the allocation of large end-plates to accommodate them. 509 

Henceforth, it is expected that low-depth, fully welded beams are more prevalent in low-scale 510 

dwellings, which in turn can be expected to be less compliant with capacity design principles.  511 

It must be remarked that the outcomes of the study consider low-height buildings with 512 

relatively small spans, for which initial imperfections are not expected to be highly relevant, 513 

particularly when compared to the effects of overstrength. Moreover, conclusions should be 514 

further validated by experimental testing, which is now feasible as overstrength factors can be 515 

estimated. In detail, modelling and assessment of effects of initial imperfections should be done 516 

considering cruciform specimens where cross-sections of columns and properties of joints are 517 

adjusted by overstrength factors, to ensure that inelastic action only occurs on the protected 518 

zone (i.e. the vicinity of the perforation).  519 
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Appendix A 629 

Table A1: Summary table of 90 FEMs with fixed beams (θu and Mu of Non deteriorating models 630 
discussed in Section 2 in this table are ignored due to their unclear cyclic deterioration) 631 

Click here for Interactive Version 632 

Model Area 

(mm2) 

(do/h) 

% 

(S/h) 

% 

My (FE) 

[kN.m] 

My (AISC) 

[kN.m] 

θm 

[rad] 

Mm 

[kN.m] 

−θm 

[rad] 

−Mm 

[kN.m] 

θu 

[rad] 

Mu 

[kN.m] 

Ediss 

[kN.m] 

FS 0 0 0 131.9 128.3 4 146.2 -4 -145.5 - - 18.4 

C-1 5150 30 40 124.7 125.4 4 135.6 -4 -134.6 - - 17.8 

C-2 7010 35 40 122.4 124.4 4 131.7 -4 -130.6 - - 17.5 

C-3 9156 40 40 119.7 123.2 5 128.1 -5 -127.2 - - 17.2 

C-4 11588 45 40 116.6 121.8 5 122.7 -3 -122.3 - - 16.6 

C-5 14306 50 40 113.1 120.3 4 117.4 -3 -118.6 - - 16.1 

C-6 17311 55 40 108.8 118.6 2 111.8 -3 -112.6 - - 15.1 

C-7 20601 60 40 103.1 116.8 2 105.2 -1.5 -105.0 - - 14.0 

C-8 24178 65 40 95.3 114.8 1.5 97.9 -1.5 -98.0 - - 12.8 

C-9 28040 70 40 85.1 112.6 1.5 88.2 -1.5 -87.9 - - 11.9 

C-10 32189 75 40 73.1 110.3 1.5 76.2 -1.5 -76.0 - - 10.7 

C-11 5150 30 60 129.1 125.4 6 137.2 -5 -135.6 - - 18.6 

C-12 7010 35 60 126.8 124.4 6 132.5 -3 -131.2 - - 17.9 

C-13 9156 40 60 124.3 123.2 5 128.3 -3 -127.5 - - 17.3 

C-14 11588 45 60 120.8 121.8 2 122.8 -3 -122.6 - - 16.5 

C-15 14306 50 60 117.2 120.3 1.5 118.6 -1.5 -118.8 - - 15.5 

C-16 17311 55 60 112.4 118.6 1.5 113.8 -1.5 -113.6 5.9 91 14.5 

C-17 20601 60 60 105.6 116.8 1.5 107.1 -1.5 -106.9 - - 13.7 

C-18 24178 65 60 96.8 114.8 1.5 99.6 -1.5 -99.3 5.8 79.7 12.4 

C-19 28040 70 60 86.3 112.6 1.5 89.7 -1.5 -89.5 - - 11.6 

C-20 32189 75 60 75.6 110.3 1.5 80.0 -1.5 -79.8 - - 10.7 

C-21 5150 30 80 131.6 125.4 4 143.1 -4 -142.2 - - 18.8 

C-22 7010 35 80 130.8 124.4 4 138.9 -4 -137.9 - - 18.1 

C-23 9156 40 80 129.1 123.2 4 133.9 -3 -133.7 5.7 107.1 16.7 

C-24 11588 45 80 126.0 121.8 2 128.3 -1.5 -128.1 5.7 102.6 16.0 

C-25 14306 50 80 122.1 120.3 1.5 123.9 -1.5 -123.8 5.7 99.1 15.3 

C-26 17311 55 80 116.3 118.6 1.5 118.1 -1.5 -117.7 5.5 94.4 14.2 

C-27 20601 60 80 109.0 116.8 1.5 111.3 -1.5 -111.1 5.6 89 13.5 

C-28 24178 65 80 99.3 114.8 1.5 103.1 -1.5 -103.0 4.9 82.5 12.2 

C-29 28040 70 80 86.4 112.6 1.5 90.8 -1.5 -90.8 - - 11.7 

C-30 32189 75 80 76.7 110.3 2 82.2 -3 -82.1 - - 10.8 

C-31 5150 30 100 131.9 125.4 4 146.4 -4 -145.6 - - 18.8 

C-32 7010 35 100 131.8 124.4 4 145.5 -4 -144.8 - - 18.7 

C-33 9156 40 100 131.4 123.2 4 143.4 -4 -142.4 - - 18.4 

C-34 11588 45 100 130.0 121.8 3 135.4 -3 -136.5 4.8 108.3 15.2 

C-35 14306 50 100 126.8 120.3 2 130.0 -1.5 -130.0 4.7 104 14.6 

C-36 17311 55 100 120.7 118.6 1.5 123.7 -1.5 -123.5 5.2 99 14.3 

C-37 20601 60 100 112.2 116.8 1.5 115.7 -1.5 -115.9 4.8 92.6 13.2 

C-38 24178 65 100 101.5 114.8 1.5 106.6 -1.5 -106.6 4.9 85.3 12.2 

C-39 28040 70 100 88.7 112.6 2 94.0 -2 -93.8 5.8 75.2 11.7 

C-40 32189 75 100 77.7 110.3 2 84.0 -3 -84.4 - - 11.0 

C-41 5150 30 120 131.9 125.4 4 146.5 -4 -145.5 - - 18.8 

C-42 7010 35 120 131.8 124.4 4 146.4 -4 -144.1 - - 18.7 

C-43 9156 40 120 131.7 123.2 4 145.9 -4 -145.5 - - 18.7 

C-44 11588 45 120 131.2 121.8 4 144.4 -4 -144.1 - - 18.7 

C-45 14306 50 120 129.6 120.3 3 136.5 -3 -137.7 - - 18.7 

C-46 17311 55 120 123.9 118.6 1.5 128.8 -1.5 -128.6 4.3 103.1 13.6 

C-47 20601 60 120 114.9 116.8 1.5 120.5 -1.5 -120.7 4.5 96.4 12.7 

C-48 24178 65 120 103.4 114.8 1.5 109.9 -1.5 -109.9 4.6 87.9 12.3 

C-49 28040 70 120 89.3 112.6 2 95.8 -3 -95.8 5.7 76.6 11.7 

C-50 32189 75 120 78.7 110.3 4 86.5 -3 -87.1 - - 11.2 

https://raw.githack.com/gitmeysambayat/TableA/main/interactive_3D_plot_Table_A1.html
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C-51 5150 30 140 131.9 125.4 4 146.5 -4 -146.0 - - 18.8 

C-52 7010 35 140 131.8 124.4 4 146.5 -4 -145.4 - - 18.7 

C-53 9156 40 140 131.8 123.2 4 146.2 -3 -141.7 - - 18.6 

C-54 11588 45 140 131.4 121.8 4 145.9 -4 -144.2 - - 18.5 

C-55 14306 50 140 130.4 120.3 4 144.5 -4 -144.5 - - 18.6 

C-56 17311 55 140 126.1 118.6 2 134.2 -3 -134.7 4.2 107.3 13.7 

C-57 20601 60 140 116.5 116.8 1.5 124.2 -1.5 -124.0 4.6 99.3 13.0 

C-58 24178 65 140 104.8 114.8 2 113.4 -3 -113.5 4.7 90.7 12.3 

C-59 28040 70 140 91.5 112.6 4 99.7 -3 -100.1 5.4 79.8 11.7 

C-60 32189 75 140 80.3 110.3 6 90.4 -6 -90.9 - - 11.6 

C-61 5150 30 160 131.9 125.4 4 146.4 -4 -146.2 - - 18.8 

C-62 7010 35 160 131.8 124.4 4 146.6 -4 -146.2 - - 18.8 

C-63 9156 40 160 131.7 123.2 4 146.5 -4 -145.7 - - 18.7 

C-64 11588 45 160 131.5 121.8 4 146.2 -4 -146.0 - - 18.7 

C-65 14306 50 160 130.7 120.3 4 145.5 -4 -145.3 - - 18.7 

C-66 17311 55 160 127.7 118.6 4 142.6 -4 -142.5 5.4 114 16.2 

C-67 20601 60 160 118.3 116.8 2 128.9 -2 -128.1 3.9 103.1 12.7 

C-68 24178 65 160 105.9 114.8 2 115.8 -3 -116.6 4.6 92.6 12.3 

C-69 28040 70 160 92.4 112.6 4 102.5 -3 -102.5 5.2 82 11.8 

C-70 32189 75 160 88.0 110.3 6 104.1 -6 -103.2 - - 12.6 

C-71 5150 30 180 131.9 125.4 4 146.4 -4 -145.6 - - 18.7 

C-72 7010 35 180 131.8 124.4 4 146.5 -4 -146.1 - - 18.8 

C-73 9156 40 180 131.7 123.2 4 146.5 -4 -145.8 - - 18.7 

C-74 11588 45 180 131.5 121.8 4 146.3 -4 -146.1 - - 18.8 

C-75 14306 50 180 130.9 120.3 4 145.7 -4 -145.6 - - 18.6 

C-76 17311 55 180 128.4 118.6 5 147.9 -4 -143.9 - - 18.7 

C-77 20601 60 180 120.2 116.8 3 134.1 -3 -134.9 4.4 107.2 13.3 

C-78 24178 65 180 107.8 114.8 2 120.2 -3 -122.2 4.1 96.1 12.2 

C-79 28040 70 180 93.5 112.6 4 106.9 -3 -105.7 5.4 85.5 12.2 

C-80 32189 75 180 87.9 110.3 6 106.9 -6 -106.5 - - 12.7 

C-81 5150 30 200 131.9 125.4 4 146.5 -4 -146.0 - - 18.8 

C-82 7010 35 200 131.8 124.4 4 146.6 -4 -146.3 - - 18.8 

C-83 9156 40 200 131.8 123.2 4 146.5 -4 -146.2 - - 18.8 

C-84 11588 45 200 131.6 121.8 4 146.3 -4 -145.9 - - 18.7 

C-85 14306 50 200 131.0 120.3 4 145.8 -4 -145.7 - - 18.6 

C-86 17311 55 200 129.0 118.6 5 148.7 -5 -147.2 - - 18.7 

C-87 20601 60 200 121.5 116.8 4 139.8 -4 -139.5 4.6 111.8 14.5 

C-88 24178 65 200 108.7 114.8 3 125.6 -3 -126.3 4.2 100.5 12.5 

C-89 28040 70 200 94.6 112.6 4 110.4 -4 -109.3 5 88.3 12.2 

C-90 32189 75 200 89.5 110.3 6 113.5 -6 -111.8 - - 13.1 
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        638 

Figure A1: Circular RWS behaviour with different (S and do) (90 combinations). (a) PEEQ for 639 
circular web openings. (b) Von Mises stresses stresses for circular web openings 640 

 641 
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                           642 

Figure A2: Example of an unsuccessful RWS mechanism; Plastic hinge and high stress at the column face  643 

 (Model C33 in Table 3) 644 

                          645 

Figure A3: Example of a successful combination of S and do resulting in RWS mechanism; Plastic hinge within 646 
the protected zone away from the column face  647 

 (Model C34 in Table 3) 648 

 649 

Figure A4: Example of cyclic displacement diagram of a compliant RWS connection having RWS mechanism 650 

  (Model C13 in Table 3) 651 
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Appendix B: Offset method for definition of the effective yielding moment of 652 

RWS connections 653 

Consider a close up of a backbone curve in the vicinity of the elastic region (constant moment-654 

rotation stiffness). The figure outlines how the effective yield moment My is defined: 655 

 656 

Figure B1: Outline of the yield moment method 657 

 658 

𝑀𝑦 = 𝑘𝑒𝜃𝑦𝑒  (B.1) 659 

While the secant moment-rotation stiffness when My occurs (at the intersection of the 660 

hysteresis curve and the offset) becomes: 661 

𝑘𝑠𝑦 =
𝑘𝑒𝜃𝑦𝑒

𝜃𝑦𝑒+0.02%
  (B.2) 662 

Then, it is possible to divide both sides of the equation by ye to obtain the following 663 

expression: 664 

𝑘𝑠𝑦 = 𝑘𝑒
1

1+
0.2%

𝜃𝑦𝑒

  (B.3) 665 

A plausible lower bound estimate for ye is 0.8% for A36 steel [35], leading to: 666 

𝑘𝑠𝑦 = 𝑘𝑒
1

1.25
= 0.8 𝑘𝑒  (B.3) 667 

Then, the secant moment-rotation stiffness at the effective yielding can be expected to be 668 

equal or larger than 80% of the elastic moment-rotation stiffness.  669 

 670 


