IT City Research Online
UNIVEREIST; ]OggLfNDON

City, University of London Institutional Repository

Citation: Almutairi, F. F. & Tsavdaridis, K. (2024). Capacity Design Assessment of

Composite Reduced Web Section (RWS) Connections. Engineering structures, 316,
118558. doi: 10.1016/j.engstruct.2024.118558

This is the published 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/33275/

Link to published version: https://doi.org/10.1016/j.engstruct.2024.118558

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



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

Engineering Structures 316 (2024) 118558

Contents lists available at ScienceDirect

ENGINEERING
STRUCTURES

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

ELSEVIER

Capacity design assessment of composite reduced web section
(RWS) connections

Fahad Falah Almutairi?, Konstantinos Daniel Tsavdaridis >

@ School of Civil Engineering, Faculty of Engineering and Physical Sciences, University of Leeds, Woodhouse Lane, LS2 9JT Leeds, UK
Y Department of Engineering, School of Science & Technology, City, University of London, Northampton Square, EC1V OHB London, UK

ARTICLE INFO ABSTRACT

Keywords:
Capacity design
RWS connection

A gap in current design approaches demands explicitly introducing a capacity design approach when designing
steel-concrete composite reduced web section (RWS) connections. This paper addresses this gap by presenting
test-validated finite element models and parametric investigations, focusing on the presence and absence of

Ecl)lsllgs};te action composite action over the web opening, the diameter, and the end-distance of the web opening. Additionally, the
Remljﬁt first-ever comprehensive experimental and numerical database from the literature on bare steel and composite

RWS connections is compiled and thoroughly analysed to develop the capacity design assessment for such
connections. Both parametric investigations and the database highlight the significance of the capacity design
ratio between the connected components in achieving a desirable ductile mechanism. This is crucial, as evi-
denced 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 50d, over 80d,, 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 developed, resulting in the redistribution of
global action and capping deformation demands on non-ductile elements. This enhances connections’ rotational
capacity and ductility by forming the Vierendeel mechanism. Lastly, the paper presents a detailing recommen-

dation for employing RWS connections in both existing and new structures for seismic purposes.

1. Introduction

Different plastic failure mechanisms can manifest in steel moment-
resisting frame (MRF) systems. These mechanisms depend on the rela-
tive 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 bolts and welding failures cannot be tolerated during
earthquakes [1-4]. 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. Experimental and numerical
campaigns of EQUALJOINTS and EQUALJOINTS-Plus, projects vali-
dated the effectiveness of capacity design criteria in achieving desired
joint responses [1-3,5,6]. Depending on the contribution of each
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component of the joint to the plastic failure mechanisms, a connection
could be designed as being full, equal (balanced) or partial-strength,
with or without any resultant yielding of the web panel.

It is generally acknowledged that beams are primary dissipative el-
ements in MRFs, adhering to the ’strong column-weak beam’ concept,
which is an application of the capacity design criteria. In line with this
concept, reduced web section (RWS) connections - where the material is
removed from the web, have been demonstrated to enhance energy
dissipation through the yielding of the perforated section [7-15]. 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 in the vicinity of the web opening (aka Vierendeel
Mechanism, VM), as shown in Fig. 1. This mechanism can overcome
challenges relate to the potential impact of composite action within the
protected zone (steel area around the web or flange reduction) that
could compromise the ’strong column-weak beam’ design concept, and,
thereby, causing an asymmetric yield moment mechanism. The former
can lead to weak columns (story mechanism), while the latter can induce
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Fig. 1. Tee-sections of the perforated beam (two partial beams).

excessive strain demands on the beam’s bottom flange.

Still, RWS connections face criticism because having web openings in
high-shear zones is considered undesirable in seismic areas, as it may
cause a non-ductile failure due to tearing and out-of-plane buckling. This
is due to the resultant reduction in shear strength. The seismic design
generally favours a shear strength higher than moment strength since it
deteriorates much faster than its moment counterpart. In other words,
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. The incorporation of a single
web opening introduces three key failure modes: (1) shear failure
because of the reduction in the shear capacity, (2) flexural failure
because of the reduction in moment capacity, and (3) Vierendeel
mechanism [23]. These modes are influenced by the web openings’
shapes, sizes and locations [18,24]. 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 [25-27]. Chung et al. observed that both shear failure and
the Vierendeel mechanism may coincide around the web opening [16,
17]. The Vierendeel mechanism is a local vertical shear failure that
physically manifests when the steel reaches its yield capacity at the
Tee-section ends (i.e., the formation of four plastic hinges) due to a
couple of local shear forces. High shear forces and a large critical length
of the opening are required to promote such a ductile Vierendeel
mechanism and cap deformation demands on non-ductile elements [9,
17,18]. Therefore, the failure mode of the perforated section could be
controlled by adjusting the web opening shape, location and size [11,
16-22]. Thus, the mechanism of RWS connections is to reduce the shear
capacity of the section by creating a web opening in order to leverage the
high shear forces to induce a Vierendeel (ductile) failure mode.

Recent experimental and numerical studies presented on traditional
and demountable steel-concrete composite RWS connections with a
diameter of web opening (d,) equal to 80 % of the beam section’s depth
(h) near the connections in the high shear zone [7,8]. Notably, these
studies exceed the limitations set by SCI-P355 guidance that states d, <
0.8h with a minimum depth of Tees > flange thickness + 30 mm [26],
by suppressing the minimum depth of Tees. Despite this, the Vierendeel
mechanism governed the failure of all tested RWS connections [7], yet
met the seismic requirements of ANSI/AISC 358-16, ANSI/AISC 341-16
and Eurocode 8 [28-30].

Another consideration, which forms the primary focus of this paper,
is the fact that the current design approaches of RWS connections for
seismic purposes overlooked the significant effect of a capacity design to
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ensure a stable yield mechanism is governed. The studies of Almutairi
et al. [7,8] highlighted the importance of capacity design in the evolu-
tion of RWS connections to maximise the full benefit of the ductile
mechanism while still adhering to the ’strong column-weak beam’
concept. The studies also noted that introducing a web opening can
re-classify a connection from partial to full strength. This is due to the
reduction in the strength of the connected steel beam section. Such in-
sights are crucial for retrofitting existing buildings and for guiding de-
signs of new structures, potentially eliminating the need for thicker
end-plate or stiffeners in extended end-plate connections.

Over the past decade, there has been a strong push towards the
development of robust guidance, numerical models and acceptance
criteria for the design and promotion of the use of RWS connections in
MRFs in areas predisposed to seismic events [7,8,10,11,18,21,22,
31-36]. This extensive research has resulted in patents and software
developments [11,21,35-40]. Given the significance and continuity of
this work, it is necessary to provide a comprehensive understanding of
the key parameters, besides the size and location of the web opening,
that influence the cyclic response of RWS connections, either with or
without a composite slab. The focus of this paper is to assess how the
capacity design ratio affects the response of both bare-steel and
steel-concrete composite RWS connections in terms of ductility, energy
dissipation, and equivalent viscous damping. To accomplish this,
experimental and numerical databases are developed within this paper
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. By integrating and extrapolating this data,
this paper contributes to a more robust and expansive understanding of
RWS connections, supporting the development of improved design
practices and standards in seismic engineering.

2. Methodology

The establishment of benchmarks 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 to assist researchers and engineers in integrating these
properties into analysis tools. This endeavour should be extended by
developing a comprehensive database of RWS connections, drawing
from existing literature, both experimentally and numerically. Unfor-
tunately, many of the studies within the existing literature were indi-
vidual efforts, leading to a scarcity of test and FE details. This is further
compounded by the lack of availability or preservation of full hysteretic
moment-rotation curves for public access.

Physical testing is an efficient method, although it comes with high
costs and is time-consuming. FE analysis offers acceptable and practical
alternatives. However, FE analysis still requires physical testing for
benchmarking to be employed for further investigations. There are
limited experimental tests on RWS connections available for synthesis or
evaluating the robustness of design guidelines and existing numerical
models. Thus, an empirical study is needed to develop a database on
bare steel and steel-concrete composite RWS connections. This database
aids in verifying the assumptions and observations made during 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.

As such, this paper presents two main databases to identify similar
trends illustrated in Fig. 2. This paper begins with i) high-fidelity FE
models developed to simulate the structural behaviour of the four
demountable composite RWS connections that were conducted by
Almutairi et al. [7]. Along with leveraging two FE models validated in
the companion paper [8], ii) a parametric study using New Zealand steel
section profiles, the same as those used in the Chaudhari et al. tests, was
conducted. This was a significant shift from the previous parametric
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Fig. 2. Flow diagram to illustrate the methodology.

study’s approach in the companion paper [8], where the European
section profiles were used. The rationale for reverting to New Zealand
sections 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 behaviours. The first data-
base (i.e., 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.

Lastly, the second database is a comprehensive compilation and
extrapolation of both experimental and numerical non-dimensionalised
results from existing literature along with results derived from the
companion paper [8] (employing European sections). This effort was
aimed at further investigating the characteristics of RWS connections to
identify similar trends in comparison to the parametric numerical
database presented in Section 4 in this study.
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3. Deduction of response parameters of RWS connections

The Ibarra-Medina-Krawinkler (IMK) model [42] was employed in
this study to consistently assess selected response (both strength and
deformation) parameters influencing the cyclic response of RWS con-
nections. In cases where full moment-rotation (M-0) curves are absent in
the literature (i.e., the assembled RWS connections database Section 5),
both strength and deformation parameters as shown in Fig. 3, were
sourced from the tabulated results in the literature. Fig. 3 illustrates the
stages of defining the following strength and deformation parameters of
the IMK model [42]:

e The elastic (K.), strain-hardening (K;) and post-capping (K.)
stiffnesses.

o The effective yield moment (My.) and its corresponding rotation (6)).

e The maximum moment resistance ( My) and its corresponding
rotation (6,,).

e The ultimate moment (M) and its corresponding rotation (6,).

In this study, the ultimate moment strength (M,) represents the
moment of the last cycle in cases where the strength degradation occurs.
If skeleton M-8 curves do not experience strength degradation, M,
would be equal to the maximum moment strength (My,).

4. Parametric numerical investigation
4.1. Numerical validation

Numerical simulations were constructed using the nonlinear FEA
programme ABAQUS [43]. These simulations are based on the numer-
ical models developed by the first author in companion studies [8] as
shown in Fig. 4. The capability of the numerical models to simulate the
responses of both bare steel and traditional steel-concrete composite
BEEPs with and without stiffeners, using the experimental results of
Chaudhari et al. [41], has been previously validated in [8]. Similar
numerical techniques have been employed to validate the findings of the
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Fig. 3. Defining the strength and deformation parameters of IMK model.



F.F. Almutairi and K.D. Tsavdaridis

169,95

1459,9
1120

Continuity —

Plate

The back and bottom of the column were

fully fixed within the testing rig frame

a)
Solid Specimen

Engineering Structures 316 (2024) 118558

340 _,
_——Supporting System
1L 30 S 305x305 UC 198 Metal Deck — -
ComFlor 60 | X
e 2550 T e 2
! } ¥l
: !
600
~ 7 Pl te'l_ 300 _ " Mesh A393 123 ) _
~{T 312,50
S | — Doubler Plate 2600 . ]
i 1.
' : 1= "1 Supporting System

Secondary Bea

"
()

The top of the column was fully
fixed within the testing rig frame

Bolted Stud:

s
M20 Gr. 8.8

300 mm long.
100 mm trans.

d)

2818.5 mm

Applied Load
Slab depth
=140 mm

Lateral Supports

Mesh A393
200x200

“Applied Load

305x305 UC 198

Solid Element C3D8R

Shell Element S4R

Hydraulic 1000kN Extension Column
e o Load Cell ”'ece . 310UCI58 Rotary
é M Potentiometer
°
o
l'n Comflor80 Deck
= Slah 150mm thk.
[T ST TSI iy J‘fl':‘ﬂfj‘\h‘\fl G\ Vi (it Tt
L} -Beam 310UB32 4L | L]}
Support for -~~~ i AL )
. . longitudinal deck 2 Pin
Reaction \ISORN Load | ;/'k‘/Conneclion
Frame
AKX Strong Floor

Fig. 4. Test set-ups and FE model for tests of [7] on the left and tests of [41] on the right.

3048 .

3048




F.F. Almutairi and K.D. Tsavdaridis

cyclic testing of demountable steel-concrete composite BEEPs RWS
connections by Almutairi et al. [7]. For the sake of completeness and
convenience, a brief description of the numerical models is presented
herein. A total of six experimental specimens were benchmarked by
reproducing results of experimental investigations [7,41] (Table 1).

Numerical simulation techniques were defined to best replicate the
hysteretic behaviour observed in the experimental findings (Fig. 5).
These techniques also aimed to reduce analysis running time and
conserve computer storage without compromising the accuracy of the
results. In the numerical simulations, a combination of shell (S4R) and
solid elements (C3D8R) with reduced integration was employed. S4R
were adopted for beams, columns, plates and metal decks and C3D8R
were utilised for concrete slabs, bolts, and welded or bolted shear studs.
The steel rebars were represented using truss elements (T3D2), which
can only carry uniaxial tension and compression.

Tie constraints were employed to simulate the welding between
steel-to-steel elements. Normal and tangent interactions were applied to
replicate the contact and friction between steel-to-steel elements (col-
umn, bolts and extended end-plates). This was achieved by defining a
hard contact and adopting a friction coefficient equal to 0.2, which
corresponds to the case of untreated rolled surfaces according to Euro-
code 3 [44] as shown in Fig. 5. Additionally, a finite sliding approach
was allowed for such contacts. A tie contact was applied between the
reinforced concrete slab and metal deck to avoid numerical instabilities
leading to early termination of the numerical simulation. The steel re-
bars as well as the welded and bolted shear studs were embedded into
the concrete section. Fig. 6.

Eigenbuckling analyses initially were performed before the main
analyses (Fig. 7). The first modes were scaled by the recommended
factor of t,/200 in accordance with [45] to introduce geometric im-
perfections accounting for typical local manufacturing tolerances. A
combined non-linear material model that accounts for both isotropic
and kinematic hardening of the material was adopted. An isotropic
bi-linear material model with strain-hardening was employed for metal
decks and steel rebars. The average values of coupon tests were utilised.
In instances where tensile test results for certain steel elements were
missing, the nominal values of material properties were taken from the
manufacturer’s specifications. The ultimate strains (eu) were equal to
15¢ey and 10ey for steel elements and bolts, respectively. The ultimate
strain of bolted shear studs was equal to 10ey as well. The rupture strain
(er) was designated as 0.2 for all steel elements and 0.05 for the bolts and
bolted shear studs. The ductile damage option was employed by ABA-
QUS [43] to account for the effect of cracks that occurred in the vicinity
of the web opening during the experimental tests [7].

The concrete damage plasticity (CDP) model was considered to
model the tensile and compressive behaviours of concrete. The consti-
tutive law defined in Eurocode 2 [46], along with the exponential ten-
sion softening model [47], were adopted to replicate the concrete
crushing and cracking, respectively. Compression cylinder tests were
used for concrete with axial tensile strength f, and assumed to be 10 %
of compressive strength of f ;.

Table 1
Summary of validated tested specimens.

Engineering Structures 316 (2024) 118558

The boundary and loading conditions of experimental tests [7,41],
including the gravity load, were incorporated into the numerical simu-
lations (Fig. 8). Moreover, the “Bolt Load” option [43] was applied to
simulate the tightening of bolts and bolted studs. The distribution of
residual stresses, derived from testing the solid specimen, was accounted
for in the numerical simulation of RWS-L-retrofit. This was done to
mimic the effects of moderate seismicity for rehabilitation purposes [7].

The mesh sensitivity study was performed to best replicate the hys-
teretic behaviour of the experimental tests [7,41]. Such a study aimed to
conserve storage space and to ensure that the analysis running time was
maintained between 11 and 15 h on the High-Performance Computer.
The mesh sizes for steel, slab, bolts and bolted studs were equal to 30,
50, and 7.5 mm, respectively. A mesh size equal to 20 mm, was selected
for the main beams with a distance equal to 600 mm near the connec-
tion, as high concentrations of stresses/strains were expected.

The responses of numerical models compared to the experimental
tests are depicted in Figs. 9-11. The numerical findings closely matched
the hysteretic responses of the composite specimens with both welded
and bolted shear studs, as well as the bare steel connection. The high
accuracy between the numerical models and the experimental tests was
evident in terms of both sagging and hogging capacities, stiffnesses, and,
notably, in relation to cyclic and in-cycle deterioration up to the onset of
fracture. The validated numerical models were utilised for conducting
parametric assessments, generating a synthetic RWS database for further
investigations.

4.2. Parameters

In Europe, the adoption of partial-strength connections is permissible
provided that their ductility and rotational capacity are experimentally
verified according to Eurocode 8 [30]. The recent EQUALJOINTS and
EQUALJOINTS-Plus projects have produced seismic design criteria for
such connections [1-3,5,6]. Such connections are cost-effective, with
extended end-plate joints being about 30 % cheaper than full-strength,
thereby reducing post-earthquake repair costs [6]. Nonetheless,
full-strength connections are often preferred as they obviate the need for
the experimental verification requirements of Eurocode 8 [30]. Recent
studies by Almutairi et al. [7,8] have demonstrated the ability of RWS
connections to re-classify a connection from partial- to full-strength
while still leveraging the full benefit of the ductile Vierendeel mecha-
nism. This was due to the reduction of beam web section, resulting in a
reduction of beam’s capacities, making the web opening behave as a
fuse.

Following the numerical validations, a further parametric investi-
gation was conducted for selected parameters (Table 2) to ensure a well-
informed assessment of ductility, energy dissipation and equivalent
viscous damping (EVD) 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 com-
posite connections were considered. The composite connections are
divided into absence and presence of composite interactions between

Specimen RWS Composite interaction™ Studs Connection arrangement
Solid connection* * No No Bolted . . M. ra
o single-sided ——— =1
RWS-L-retrofit* * d, =0.8h S, =1h Mpiqra
RWS-L* * d, =08h S, =0.8h
RWS- Yes
QU ** M,
FI-SU No No Welded double-sided VeRd_ _ 1 15
BSF* ** Bare steel Mpiara

Note: M, grg= connection bending capacity. My 4 ra= plastic bending capacity of unperforated steel beam section.

*The presence of composite action interaction over the protected zone.
**Reference [7].

“*Reference [41].
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composite slabs and beams (i.e., high composite action: placing bolted/ study remained consistent with those used in the experimental tests, the
welded shear studs, and low composite action: no bolted/welded shear UK sections [7] and New Zealand sections [41], shown in Fig. 4.

studs above the protected zone). Welded and bolted shear studs were

used in double-sided connections and single-sided connections, respec-

tively. It is worth noting that the steel sections used in this parametric
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4.3. Parametric results

The main objective of this section is to examine the effects of intro-
ducing 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 — from the connection (i.e., the column
face) to the centreline of the perforation, ii) the size of 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 EVD as it was reported in
the literature. It is worth noting that for a fair comparison with single-

sided connections, the response of the right beam’s connection in the
double-sided joint was used in this study. The box-and-whiskers plots in
this paper, provide a clear visual comparison of ductility, energy dissi-
pation, and EVD for the studied FE models. The models are categorised
based on web opening diameter (50d, to 80d,) variations. This visual
representation facilitates the evaluation of how the web opening loca-
tion (end distance, S,) affects the ductility, energy dissipation, and EVD.
Furthermore, the plots incorporate the presence and absence of com-
posite action over the web opening as well as bare-steel connection,
enabling a thorough assessment of this factor’s impact.
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Fig. 9. Benchmarking of the FEM hysteretic responses.

4.3.1. Ductility

One of the key response characteristics to examine the robustness of
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 (6,/6y). It is worth
emphasising that the single-sided and double-sided RWS connections
were designed based on equal-strength (M ra/Mpiara = 1) and full-
strength (M, rd/Mprara = 1.15) connections with a solid webbed-
beam, respectively.

The location of the web opening has less effect on the ductility
among the other key factors. Generally, as the location of the web
opening moves farther from the connection, both the sagging and hog-
ging ductility ratios decrease. This finding has been established in the
literature [21,35-37], where it is shown that the effects of RWS diminish
as the end distance (S,) increases. In other words, the formation of a
Vierendeel mechanism directly enhances ductility.

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 Figs. 12 and 13. This is mainly attrib-
uted to the Tee-section depth that directly triggers the yielding of the
perforated section as shown in Fig. 14. The earlier the Tee-section yields,
the higher is the ductility, provided that ultimate rotations remain equal
or constant among other RWS connections. This is because of the
mathematical formulation of ductility (8,/6)) indicates that lower yield
rotation leads to higher ductility.

Fig. 14 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 has also, an effect 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 Fig. 12.
Although the number of numerical models using RWS connections with
50d, 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 80d, is wider, despite the small number of numerical
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RWS-L-retrofit specimen

Fig. 10. Comparison between FE models and tested specimens [7] (without rendering the thickness of shell element).
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Fig. 11. Comparison of local buckling between experimental tests and FE model (with the rendering of the thickness).

Table 2
Summary of parameters.

1) Diameter d, 2) End 3) The interaction between
distance S, composite action
% mm  Number of % mm  Type Number of
models models
50% 155 15x2 50 % 155  High interaction 168
55 % 171 14x2 55 % 171 Low interaction 168
60% 18 13x2 60 % 186  bare steel (no 168
interaction)
65 % 202 12x2 65 % 202
70% 217 11x2 70 % 217
75% 233 10x2 75 % 233
80% 248 9x2 80 % 248
85 % 264
90 % 279
95 % 295
100 % 310
105% 326
110% 341
115% 357
120% 372

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;
80d,= means the opening diameter equals 80 % of h; 80S, — means the end distance
equal 80 % of h.

models that complied with SCI-P355 guidance [26] as shown in Table 2.
This was more pronounced with the presence of composite action as
compared to those without composite interactions (Fig. 12). This
observation applies to single-sided RWS connections (equal-strength),
but not to double-sided RWS connections (full-strength) due to the ca-
pacity design ratio, as shown in Fig. 13.

Given that, the capacity design ratio could reduce the effectiveness of
large web opening, especially with the presence of composite action as
shown in Fig. 13, 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,
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deformation primarily occurs in the beam itself, as the connection’s
capacity exceeds that of the connected unperforated steel beam. In other
words, when the web opening is introduced, the steel beam becomes
weaker, 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 par-
tial- 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 Figs. 12 and 13. 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 con-
nections under both sagging and hogging moments. These findings align
with Almutairi et al. [7,8] 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 [28,30].

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 d, /S, ratio
equals 1 for diameter equal 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 d, /S, ratio ranges between 0.92 to 1.0 and
0.81 to 1.0, respectively. The range of d, /S, ratio broadens for diameter
equal 0.70h, 0.75h and 0.8h, and they were significantly influenced by
the presence of composite action over the web opening. For these di-
ameters, the ideal d, /S, ratios range between approximately 0.7 to 1.0.

For double-sided RWS connections that are designed based on full-
strength solid webbed-beam connection, the ductility alone cannot
capture the overall response of the RWS connection. The energy dissi-
pation and EVD must also be considered when introducing web openings
into full-strength solid webbed-beam connections.

4.3.2. 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
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the hysteresis loops which depicts the amount of seismic energy dissi-
pated in each cycle. Fig. 12 shows that in some cases the RWS connec-
tions with smaller web openings could achieve higher ductility. In these
cases, the bending of the extended end-plate acted as one of the dissi-
pative elements, leading to a pinching mechanism and a significant
reduction in the total amount of dissipated seismic energy, as shown in
Fig. 15. This was well captured in this parametric study, as shown in
Figs. 12b and 16 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.
Double-sided connections were designed based on a full-strength
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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 50d, in comparison with 80d,. These findings are in line
with the findings of Shaheen et al. [11] and Almutairi et al. [7,8] which
advocate for the use of 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 when lower-capacity design ratios are employed.
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Fig. 15. Capacity ratio comparison of two connections with composite action over the web opening.

Overall, double-sided RWS connections with 50d, and
55d, 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 connec-
tion. This originates from a predictable hysteretic response.

Another important indicator to evaluate the energy dissipating ca-
pacity of the connections is an EVD ratio (&.q) [48]. EVD quantifies a
system’s capacity for energy dissipation with higher values as it dissi-
pates more energy, reduces dynamic response, and mitigates resonance.
Conversely, lower EVD allows for quicker response but may lead to
excessive vibrations and heightened vulnerability to resonance. The
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energy dissipation is examined in terms of EVD and defined as:

1 Sapc+  Scpa
2z Sova +  Sosr

feq =

The energy depicted by Sapc + Scpa is the energy dissipated at the
expected rotation as shown by the shaded region in Fig. 17. Similarly,
Sopa + Sopr indicates the total strain energy at the expected rotation
highlighted by the area with double shading in Fig. 17. Furthermore,
points B and D represent the peak positive and negative moment ca-
pacities within a hysteresis loop, respectively. The EVD coefficients at
0.04 rad for all models are shown in Fig. 18. At the rotation of 0.04 rad,
the magnitudes of EVD generally were above 30 % which indicates good
energy dissipation capacity and seismic response of RWS connections.
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Fig. 17. Basis to calculate the equivalent viscous damping coefficient.

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.

5. Capacity assessment
5.1. RWS database assembly

The assembled RWS connections database consists of 13 experi-
mental and FE studies, excluding this study. 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 cap-
tures only a single circular web opening. In total, there are 251 speci-
mens and FE models for 247 RWS connections, in addition to their
benchmarked 14 solid webbed-beam connections counterparts. The
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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 compre-
hensive RWS connections’ database, a few experimental and FE pro-
grammes were excluded from the current list due to scarce test and FE
details. A summary breakdown of the collected RWS database is pre-
sented in Table 3 and Table 4.

5.2. Deduced response parameters of the collected RWS database

The response parameters of the collected RWS database were
deduced through two methods, as mentioned previously in Section 3.
The first method involved manually extracting numerical values from
moment-rotation (M-0) curves based on the IMK model, as illustrated in
Fig. 3. The second method extracted data from tabulated results found in
research papers within the literature. Both experimental and numerical
results were normalised concerning the nominal plastic moment ca-
pacity of the steel solid webbed-beam sections.

For a fair comparison, the energy dissipation and EVD for both
sagging and hogging moments were calculated. These calculations uti-
lised key response parameters (normalised moments and rotations) as
described in Section 3 and depicted in Fig. 19. Both tri-linear and bi-
linear skeleton M-0 curves based on the IMK model [42] were
employed. The tri-linear skeleton M-0 curve is detailed in Section 3. The
bi-linear skeleton M-0 curve was used for two specific cases. The first
case applied when the connection did not undergo strength degradation,
thus equating M, with M;, and 0, with 0. The second case was used
when the corresponding rotation or/and moment data was unavailable
in the tabulated results from literature. For instance, if M, and §,, were
not provided while My, and 6, were available, then bi-linear skeleton
M-0 curve was used.
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is a shear action that requires a large opening and an ideal end distance
Table 3 breakd ¢ the collected datab to be triggered. Otherwise, a non-ductile failure characterised by tearing
Summary breakdown of the collected RWS database. and out-of-plane buckling may ensue. Chung et al. noted that both shear
Reference Study  Joint Connection  # of Slab failure and the Vierendeel mechanism can occur concurrently in the
specimens vicinity of the web opening [16,17]. Therefore, attention should be paid
Guo et al.[49] FE Frame Welded 6 No not only to the size and location of the web opening, which have been
Li et al. [50] Exp Cantilever ~ Welded 3 No the focus of previous studies in the literature, but also to the capacity
Tsavdaridis et al. FE Cantilever ~ Welded 9 No . . o s
[36] design ratio between the connected components. This is to ensure that
Tsavdaridis and FE Cantilever ~ BEEP-3-R 1 No the beam’s shear capacity is not excessively compromised by the
Papadopoulos [37] incorporation of the RWS (reduced web section). To this end, a balanced
Shin etal. [13] Exp Frame WUEF-B 2 No contribution (capacity design) of a panel zone, end-plate and/or column
Erf?;l] and Akrami FE Cantilever  Welded E No flange, with the connected bare steel solid webbed-beam, is preferable in
o
Shaheen et al. [11] FE Cantilever PN 12 Yes an RWS connection. This promotes a Vierendeel (ductile) mechanism to
Zhang et al. [52] Exp Cantilever ~ Welded 1 No become the dominant failure rather than simple shear failure at the web
FE opening, which may cause instability after an earthquake. This is
Boushehri etal. [35]  FE Cantilever ~ Welded 144 No consistent with prior observations of the studies of Almutairi et al. [7,8]
Nazaralizadeh et al. FE Cantilever ~ BEEP-4-R 1 No . . . . . . 1.
[53] regarding the importance of capacity design ratios. These findings are
Xu et al. [54] Exp Cantilever ~ Welded 5 No verified by the review of the collected RWS database, in which, the web
Almutairi et al. [8] FE Cruciform  BEEP-4-R 45 Yes opening size should be decreased along with the capacity design ratio

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.

5.3. 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 con-
trolling 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 mecha-
nism, is only effective in areas of high shear. The Vierendeel mechanism
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increase.

Having thoroughly examined the collected RWS database, the above
conclusions are verified. Figs. 20 and 21 display the trends in the RWS
database between energy dissipation, EVD, 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, EVD, and ductility,
regardless of the connection type. Fig. 21 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. [11]. In contrast, Almutairi et al. [8] observed an increase in
sagging ductility of identical connections with a decrease in web
opening size when accompanied by an equal/partial capacity design
ratio. Figs. 20 and 21 highlight the importance of capacity design ratios
in RWS connections 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 to prevent
fracture, as suggested by Elkady and Lignos [56]. This is not applied to
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Ref. Connection Column Section Beam Section Connection capacity Capacity design ratio
Mpicot = Woiye fye M1y = Wpiyp fy.,, M.rq using Component method EC3-1-8 [55]

[49] Welded H500 x 350 x 14 x 18 H600 x 250 x 10 x 14 NA 1.28
911 710

[50] Welded H450 x 300 x 12 x 16 H400 x 200 x 8 x 12 NA 2.15
613 285

[36] Welded HEB 300 HEA 240 NA 2.51
570 227

[37]1 [37] BEEP-3-R HEB 160 IPE 300 87 0.50
97 173

[13] WUEF-B W14X145 W12X50 NA 4.02
1763 439

[51] Welded HB500x200x10x16 HB414x405x18x28 NA 0.42
735 1735

[11] PN HB428x407x20x35 HB700x300x13x24 NA 1.38
2051 1490

[52] Welded HW250x250x9x14 HN300x150x6.5x9 NA 1.79
220 123

[35] 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

[53] BEEP-4-R HEB 200 IPE 270 95 0.82
154 116

[10] BEEP-3-R UC 203 x 203x 71 UB 305 x 127 x 48 157 0.62
284 252

[54] Welded HW250x250x9x14 HN300x150x6.5x9 NA 1.79
220 123

[8] BEEP-4-R HEB 320 IPE 300 216 0.96
765 224

Note: Mp;= moment capacity of bare steel solid webbed-beam section. [kNm]. Wy, = plastic section modulus. f, = yield strength. Subscript col, b and ¢ = 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.
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Fig. 19. Skeleton moment-rotation curves used for the collected RWS database.

RWS connections. However, the high ductility found in RWS connec-
tions with a high capacity design ratio (larger than 1.5), can be attrib-
uted to two factors. The first is the early yielding of Tee-sections, which
leads to higher ductility. The second is the exclusion of the composite
slab from testing, which would have resulted in a higher ultimate
rotation and, consequently, higher ductility.

6. Detailing recommendations
Different design methodologies for RWS connections have been

proposed in the literature [21,34,35,52,57-59] based on the current
design guidelines for perforated beams in both the UK and the US [26,
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27,60] as well as on the design process for RBS connection outlined in
AISC-385 [28]. Despite the consideration of the ’strong column-weak
beam’ concept, all proposed design methodologies for RWS connec-
tions have not yet 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. Yet, 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
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collapse of a structure. On the other hand, capacity design is a broader
principle aimed at ensuring the proportionate 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 recom-
mendations 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 mecha-
nisms as stated in Eurocode 8 [30] is required when modelling the joint
for retrofit purposes. Table 5 shows the recommended ratios of capacity
design, diameter-to-depth (d, /hp), and diameter-to-end distance (d, /S,)
for retrofitting existing structures. The recommendations in Table 5
could serve as a starting point for modelling the joint for retrofitting of
existing building.

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 com-
posite slab-beam interaction over the protected zone is necessary or
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20. Energy dissipation and equivalent viscous damping.

unavoidable. Ensuring this can activate the Vierendeel mechanism for
small to medium web openings, is significant due to the large depth of
the Tee-section at such sizes (Fig. 22). For large web openings, it is
preferable to locate them between the studs to avoid a premature crack
in the vicinity of web opening.

Although the guidance presented in SCI-P355 [26] 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 connections 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 fa-
tigue, which leads to reduced capacity. This has also been confirmed by
the study of Tsavdaridis et al. [21] that the cyclic moment and rotational
capacities of the RWS connections were lower than their monotonic
counterparts. The guidance outlined in SCI-P355 [26] is derived from
the T-section approach (TSA), one that was initially introduced for
composite perforated beams [26]. The findings of this study, manifest
that the SCI-P355 guidance [26] can be applied to estimate the moment
capacity of RWS connections under cyclic loads.

In this study, the effective yield moment (My.) is used to represent
the connection’s plastic moment capacity (M.gq) due to a lack of
consensus on its calculation in the existing literature [61]. M, gq was
employed to assess the bending capacity of the perforated section
(M) rd; My rd comp) in both bare steel and steel-concrete composite con-
nections according to SCI-P355 guidance [26], respectively. Table 6
presents the statistical values indicating the applicability of the
SCI-P355 guidance [26] in estimating RWS connections. Table 7 lists the
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 [1-3,5,6], with the
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Fig. 21. Ductility for RWS connections.

inclusion of recommendations from SCI-P355 guidance [26].

Table.s . . . . . Regarding welded connections, further investigations into the ca-
Capacity design requirements for RWS connections for retrofitting existing . . .
structures pacity design are required. However, based on the collected RWS

Connection’s strength category

Bolted connections  Capacity design ratio Table 6
Full-strength Equal-strength  Partial-strength Statistical results for the collected RWS database and parametric investigations.
Mcra <13Myp Mcra =Mpp  Mcpg > 0.8 My - -
d, /hy= 0.5 - 0.67 0.7-0.8 Sagging Hogging
do/So= 1 07-1 My. /Mordcomp Average 1.1260 -1.0170
Where M, rq = connection bending capacity according to the component Mf"x_im“m 1.6426 -0.8196
method in EC3-1-8 [55]. Mp;= nominal bending capacity of bare steel Isvi::-::i';::lnneviation gz;z: 61658%415
solid webb.ed-beam section. d,= opening diameter. h, = stetel beam del?th. Mye /Mora Average 1.0618 1.0582
S,= end distance from column/end-plate face to web opening centreline. Maximum 1.2439 0.7954
Minimum 0.7933 -1.2618
Standard Deviation 0.0635 0.0644

do/hp=0.71t0 0.8 do/ hp=0.5to 0.67

{- Forces from ---—-— Forces fro
mposite action composite actio

S

Between studs Below studs

Fig. 22. Diameter-to-depth ratio in relation to shear studs’ location.
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Table 7
Capacity design requirements for RWS connections for new structures.

eFull-strength: Mcra > 1.1. 7. (Mordcomp + VEa - So)
eEqual -strength: Mcra > (Mordcomp + Ved - So)
ePartial -strength: Mcrg  >0.8 . (Mordcomp + Vea - So)

Where M gq = connection bending capacity according to the component method in EC3-1-8 [55]. M, ra.comp= bending capacity of perforated composite beam section
according to SCI-P355 guidance[26].). Vgq 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 web opening. y,, = the overstrength factor = 1.25.

Diameter-to-depth (d,/hp), and diameter-to-end distance (d, /S,) for retrofitting existing structures are applicable to design RWS connections for new structures.
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