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Abstract

This paper presents an experimental study of demountable steel-concrete composite
reduced web section (RWS) connections for use in seismic areas. Four composite connec-
tion specimens were subjected to sagging and hogging moments to investigate the perfor-
mance of RWS connections under reversible actions. For such purpose, a single web open-
ing was created near the beam-column joint. Focus was made on the effects of perforation
location and composite beam-slab action induced by bolted shear studs within the protected
zone. Results indicate that employing RWS connections for seismic retrofit is a viable solu-
tion capable of achieving a performance similar to that observed for RBS connections in
new buildings. Notably, a Vierendeel Mechanism is formed, allowing for plasticity devel-
opment in the beam. All RWS connections were capable of achieving an interstory drift
larger than 4%, thereby complying with the performance targets set by ANSI/AISC 358-
16, ANSI/AISC 341-16 and ECS8. Moreover, the deformation of beam-slab shear-transfer
bolts was small enough to allow for disassembly after the tests, indicating that the proposed
solution could enable reuse and post-earthquake retrofitting.
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1 Introduction

Slabs laid over steel girders can improve their structural behaviour, as they enhance stiff-
ness and provide restraint against torsion and out-of-plane instability. However, they usu-
ally lead to high strain demands on the beam’s bottom flange; whilst there is unsymmetric
moment capacity (Kim et al. 2004). By that means, efforts have been made to mitigate this
undesirable behaviour; as it could cause brittle failure if the contribution of the composite
slab is neglected in the design process (Roeder 2002). Reduced web section (RWS) con-
nections have been proven to act as a ductile fuse with acceptable behaviour under different
types of loading while limiting structural instability and protecting non-ductile elements.
(Yang et al. 2009; Tsavdaridis et al. 2014, 2021; Shin et al. 2017a, b; Shaheen et al. 2018;
Zhang et al. 2019; Davarpanah et al. 2020; Erfani et al. 2020; Bi et al. 2021; Dong et al.
2021; Du et al. 2021; Jia et al. 2021; Lin et al. 2021; Tabar et al. 2022). Testing of RWS
connections under monotonic loading (Jia et al. 2021), cyclic load with and without an
axial force on the column (Shin et al. 2017a; Zhang et al. 2019; Bi et al. 2021; Tsavdaridis
et al. 2021), pseudo-dynamic (Yang et al. 2009), and column removal (Lin et al. 2021,
2022), has demonstrated their ability to develop plasticity at the web opening and facilitate
the implementation of the strong column-weak beam framework.

Regulations suggest isolating the slab over protected zones by limiting joint engage-
ment there (CEN 2005a; ANSI/AISC 341-16 2016; ANSI/AISC 358-16 2016). This pre-
vents plastic actions on non-ductile elements of the joint and precludes out-of-plane insta-
bility (Civjan et al. 2000, 2001; Jones et al. 2002; Sumner and Murray 2002; Zhang and
Ricles 2006a, b; Lee et al. 2016; Di Benedetto et al. 2020). Moreover, such provisions
limit the upward shift of the neutral axis, which in turn addresses the concerns about the
unsymmetric behaviour of the beam when subjected to sagging moments (bottom flange
under tension) (Chen and Chao 2001; Chen et al. 2001; Kim et al. 2004). A recent com-
putational investigation (Almutairi et al. 2023) on composite RWS connections found that
such provisions could lead to symmetric moment capacity and simplify the prediction of
their ultimate load and deformation capacity. However, the presence of welded shear studs
over the protected zone could compromise the attainment of the strong column-weak beam
framework. It could strengthen the connection rather than weaken it if composite action
is not properly accounted for. This is consistent with the findings of Shaheen et al. (2018)
who examined only composite RWS connections with joint action with the slab over the
opening. Their study concluded that small to medium web opening sizes should be consid-
ered as large beam web openings compromise their stable hysteretic response. However,
there is a knowledge gap regarding the effect of the presence of shear studs (bolted or/
and welded) over the web opening (protected/plastic zone) on cyclic performance of steel-
concrete composite RWS connections.

The use of bolted shear studs could overcome the obstacle of replacing damaged beams
in the aftermath of moderate earthquakes. Albeit they are not as ductile as other shear trans-
fer solutions, they keep their integrity and impede extensive deformation of the contact
between slab and beam. Hence, such demountable bolts have been introduced as practical
alternatives to traditional solutions for facilitating beam decoupling from slabs, and ena-
bling reuse (Moynihan and Allwood 2014; Ataei et al. 2016, 2017, 2019; Liu et al. 2017;
Yang et al. 2018; Sencu et al. 2019; Girdo Coelho et al. 2020; Chiniforush et al. 2021) (see
Fig. 1). The combination of structural fuses, namely RWS, bolted end-plate connections
(Tartaglia et al. 2019), and bolted shear studs may provide a cost-effective structural sys-
tem for speedy seismic rehabilitation. Henceforth, one of the goals of this study is to assess
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Fig. 1 Demountable bolted shear studs

if the provision of bolts to connect beams and slabs is robust enough to prevent extensive
deformation of the beam/slab contact and allow for practical separation of both elements
during the replacement of damaged parts whilst temporary support is provided.

The present work extends work done by Almutairi et al. (2023) and Shaheen et al.
(2018) that showcased the potential of such structural fuses and their suitability for seismic
applications. This paper goes a step further by experimentally investigating the effects of
the presence of bolted shear studs on the cyclic behaviour of composite RWS connections,
aiming to augment available data to expand on the current status quo. Additionally, the
incorporation of RWS into extended end-plate connection is examined for rehabilitation
purposes. To achieve this, an extended end-plate connection with a solid-webbed beam was
tested under cyclic loading. Subsequently, a web opening was cut into it and the connection
specimen was re-tested to simulate the effects of moderate seismicity and demountability
of such a combination of structural fuses. The above process is a practical rehabilitation
technique for existing steel frames with solid-webbed beams.

2 Behaviour of reduced web section (RWS) connections

The Vierendeel Mechanism (VM) is a highly ductile and stable yield mechanism that
occurs in steel perforated beams (i.e., cellular, castellated, etc.) and consequently in RWS
connections. This results in the redistribution of global actions to prevent plastic defor-
mation in non-ductile elements (Tsavdaridis and Papadopoulos 2016; Shin et al. 2017a;
Tsavdaridis et al. 2017). This load redistribution enhances the rotational capacity and
ductility of connections by the formation of plastic hinges (Yang et al. 2009; Tsavdaridis
et al. 2014; Erfani and Akrami 2017). Figure 2 illustrates the global and local forces acting
around the web opening. The plastic hinges always form in the low moment side (LMS)
(where the edge of a web opening is subjected to a lower primary moment) before the high
moment side (HMS), and its occurrence depends on the global moment-shear ratio (Chung
et al. 2001; Tsavdaridis and D’Mello 2012).

The size of the web opening and its location within a high-shear zone may cause a
non-ductile failure due to tearing and out-of-plane buckling. Chung et al. stated that both
shear failure and the VM may occur simultaneously around the web opening (Chung et al.
2003; Lagaros et al. 2008). High global shear forces and a large critical opening length
are required to promote such a ductile mechanism and cap deformation demands on non-
ductile elements (Chung et al. 2003; Tsavdaridis and D’Mello 2012; Tabar et al. 2022).
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Fig.2 Forces acting at web opening

Therefore, the failure mode of the perforated section could be controlled by adjusting the
web opening location and size critical length for rectangular and elliptically-based web
opening shapes is fixed) (Chung et al. 2003; Liu and Chung 2003; Lagaros et al. 2008;
Yang et al. 2009; Tsavdaridis and D’Mello 2012; Erfani and Akrami 2017; Tsavdaridis
et al. 2017; Shaheen et al. 2018).

Undercyclic loading, the top and bottom Tee-sections will be subjected to global/cross-
section shear and moment, as well as local axial forces as shown in Fig. 2. The behaviour
of the top and bottom Tee-sections alternates between tension and compression due to the
reversible actions expected during earthquakes. Any increase in the global moment will
generate local axial forces in the Tee-sections, and decrease their contribution to the capac-
ity of the VM (Lawson and Hicks 2011). An increase in the shear force and critical length
will lead to larger moments within the Vierendeel Mechanism.

When the applied load goes upward, moments within the VM cause the web of the top
Tee-section to undergo tension while the flange-web of the top Tee-section exhibits com-
pression at HMS (Fig. 3). Under the same conditions, the web of the top Tee-section will

Load upward A Load downward

Fig.3 Axial forces at opening
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experience compression while the flange-web and the top Tee-section will be under ten-
sion at LMS. Such a complex behaviour can induce early local yielding of Tees before any
yielding in the connection and column. This early local yielding results in the stretching of
the opening and local buckling of flanges as shown in Fig. 3. Both are indicators of the for-
mation of the Vierendeel (ductile), Mechanism which becomes the dominant mechanism
rather than simple vertical shear failure at the web opening, due to the redistribution of the
global actions.

3 Experimental program
3.1 Design and details of the composite connection specimens
The initiative involved cyclic load testing on full-scale specimens of four identical

steel—concrete composite connections in terms of sizes and material (Table 1 and Fig. 4).
Summary of specimen characteristics and material nominal capacities are provided in

Table 1 Specimen test matrix

Specimen ID Solid Specimen RWS-L-retrofit* RWS-L RWS-H
Connection type EEP EEP RWS
Composite action Low (L) High (H)
‘Web opening Diameter &, - 0.8h 0.8h 0.8
End-distance S, 1h 0.8h 0.8h
Width for end-post S, (mm) 600 300
M; py(kNm) 300.2
M, o ra OF M, 4 g (KNm) 300.2 257.1
M;ga/ My ra O Mjga/ Mo o ra 1 117
Joint Category Partial strength ~ Full strength
Primary and secondary beams 305x 165 UB 54
Column 305x305 UC 198
Bolts M27 Gr. 10.9 with preloading force of 321 kN
Slab 140 mm
Metal deck ComFlor 60
Two rows of bolted shear connector M20x 160 mm—Gr. 8.8 with preloading force of
40 kN
# of lines of bolted shear connectors 6 7

“A web opening was created into the solid specimen and then retested for rehabilitation purposes.
EEP=extended end-plate. Low (L)=Ilow composite action where the studs are avoided over the protected
zone. High (H)=high composite action where the studs are placed over the protected zone. & = height of
the beam; 80d =means the diameter of the web opening is equal 80% of &; 80S =means the end-distance
is equal 80% of h. M; g, = joint capacity. M, , p;= the nominal plastic bending capacity for the steel beam
section without a web opening=F,W,, , (Eq. 1) according to EC3 (CEN 2005b). M, , ;= the nominal plas-
tic bending capacity for the steel section with a web opening = F},(W,,,J - daz.tw /4) (Eq. 2) according to
SCI-P355 (Lawson and Hicks 2011) and SCI-P428 (Girdo Coelho et al. 2020)
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Fig.4 Dimensions of test specimens (mm)

Tables 1 and 2 . All specimens represented an exterior unstiffened extended end-plate con-
nection in an MRF.

The specimens were designed based on the nominal plastic bending capacity
M, . ra» Of the connected steel solid-webbed beam of a partial-strength connection

p
without considering the composite action contribution in accordance with EC3, EC4
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Table 2 Nominal capacities

Specimen Steel section/ Moment resistance (kNm)

composite sec-

tion +ve (upward) —ve (downward)
Solid specimen M, , gy 300.3 300.3

M pq 491.1 300
RWS-L-retrofit M, , rs 265.3 257.1

M, rq 265.3 257.1
RWS-L M, ,ra 265.3 257.1

M, ra 265.3 257.1
RWS-H M, . ra 265.3 257.1

M, rq 272.4 257.1

M, rs = plastic moment resistance of composite unperforated beam,

respectively, according to EC4 (CEN 2005d). M, p, = plastic moment
resistance of composite perforated beam, respectively, according to
SCI-P355 (Lawson and Hicks 2011) and SCI-P428 (Girdo Coelho
et al. 2020)

and EC8 (CEN 2005a, b, ¢, d). The incorporation of web opening makes the connec-
tion go from partial- to full-strength as the capacity of the connected steel beam is
reduced. Steel-concrete composite RWS connections complied with SCI-P355 (Law-
son and Hicks 2011) and SCI-P428 (Girdo Coelho et al. 2020) in terms of end-dis-
tance, diameter and bolted shear studs.

The first composite specimen was a partial-strength extended end-plate connection
with a solid-webbed beam (hereinafter referred to as the solid specimen). The solid
specimen was subjected to cyclic loading, until it reached close to 70% of its positive/
sagging moment capacity, thus simulating the effects of moderate seismicity over time,
for rehabilitation purposes. Then, a web opening was created, and the specimen was
re-tested. It is worth mentioning that the beam was perforated off-site, so the compos-
ite slab was dismantled and new M27 bolts were provided.

The re-tested (second) specimen is referred to as the RWS-L-retrofit specimen
which was the second specimen to be tested. This allows for benchmarking the effects
of residual strains and stresses induced by previous earthquake events. The other two
specimens were steel-concrete composite RWS connections. The difference between
them is the presence or absence of bolted shear studs above the web opening (i.e.,
composite action).

The presence/absence of the bolted studs above the web opening was used to clas-
sify the specimens as having high (H) or low (L) composite action according to EC8-1
clause 7.7.5 and ANSI/AISC 358-16 (CEN 2005a; ANSI/AISC 358-16 2016) as
shown in Table 1. All four specimens had a 25 mm gap between the connection’s com-
ponents and reinforced concrete (RC) slab, to avoid the crushing and cracking of the
concrete following ANSI/AISC 358-16 and EC8-1 clause 7.7.5(2) (CEN 2005a; ANSI/
AISC 358-16 2016).

A cantilever testing setup was selected to benchmark behaviour. This was accom-
plished by providing a strong stocky column in such a way that its deformation is neg-
ligible. The highly ductile beam section was chosen based on the width-to-depth and
span-to-depth ratios according to seismic provisions ANSI/AISC 341-16 and 358-16
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(ANSI/AISC 341-16 2016; ANSI/AISC 358-16 2016) and in such way that was feasi-
ble to test them the available facilities.

3.2 Materials and Specimen preparation

Steel material of grade S355 was selected, and its properties were validated through
coupon tests (Fig. 5). Likewise, the average values of the three compression cylinder
tests of RWS-L and RWS-H specimens were 31.28 MPa and 28.72 MPa, respectively.
Bolted studs were used (Fig. 4) with a hole clearance of 1 mm to minimise slippage
according to SCI-P428 (Girdo Coelho et al. 2020). The preloading force of bolted
studs was set at 40 kN, which is within the elastic range, thereby allowing for reuse in
subsequent cycles.

3.3 Test setup

The test setup consisted of a full-scale one-sided composite extended end-plate RWS con-
nection (see Figs. 6 and 7). The general instrumentation layout for the test setup cyclic and
the loading protocol are presented in Figs. 8 and 9. The latter follows the widely accepted
AISC 341(ANSI/AISC 341-16 2016). The test setup was designed to minimise deforma-
tion contributions from the column. Thus, the back, top and bottom of the strong column
were fixed within the testing rig frame. Loading plates were used to connect the specimens
to the actuator due to the height limitation of the testing rig frame. Lateral restraints were
provided at the point of the actuator connection, to set boundary conditions that resemble
what is generally expected in buildings.

4 Experimental results
4.1 Solid connection (no web opening)

The solid connection specimen followed the loading protocol until reaching an imposed
chord rotation of 0.02 rad in both directions. At these points, the solid specimen reached
70% and 80% of its positive and negative moment capacities, respectively (Fig. 10 and
Table 3). The stiffness degradations in both directions were less than 20%. No signs of
plastic deformation were observed, either through visual inspection, or measurements by

600 —— T T T T T T 600
« 500 _‘f«-‘"‘" = E'E;E:':".":': ........ 1 500 fﬁsﬁﬂ‘““”‘“"“‘"““““uu«h“
S 400 rﬁ W S0 .
2 300 | L 1 9300 , £ -
2 i wStress-Strain of Web 1 | & ol Stress-Strain of Flange 1 |
g 200 | = = Stress-Strain of Web 2 5) | = = Stress-Strain of Flange 2
100 = --—-Stress-Strain of Web 3 | ~ 100 { --—-Stress-Strain of Flange 3 |
0255 10 15 20 25 30 35 40 45 0255 10 15 20 25 30 35 40 45

Strain % Strain %

Fig.5 Coupon Tests for Steel
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The top of the column was fully
fixed within the testing rig frame

2550 mm

Applied Load
VSIab depth
1401

2818.5 mm

Lateral Supports

‘The back and bottom of the column were
fully fixed within the testing rig frame

Fig. 6 Experimental test setup—side view

Fig.7 Experimental test setup— 1250 mm

front and top view (mm) Mesh A393

2oo:ynm

Applied Load
Bolted Studs
M20 Gr. 8.8
300 mm long.
100 mm trans.

strain gauges. This is a likely outcome of the slab’s contribution to increasing the strength
of the connection for hogging moments. At most two lines of micro-cracks within the con-
crete slab were recorded, as shown in Fig. 11. Clearly, the onset of yielding in the solid
specimen was reached without extensive plastic actions as illustrated in Fig. 12. All the
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other steel elements including the demountable bolted shear studs were damage-free. Con-
sequently, the composite slab was disconnected from the beam to create a web opening to
simulate a retrofit procedure. Hence, this leads to the RWS-L-retrofit specimen, as shown
in Fig. 13.
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Fig. 10 Moment-Rotation Curve
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4.2 Yielding mode

The development of yielding and plastic hinges in all three RWS connections is presented
in Figs. 14, 15, and 16. It is worth reiterating that in this study, LMS and HMS depend
on the global applied moment, for instance, the edge of a web opening subjected to lower
global moment is LMS (see Fig. 2). Additionally, each side consists of bottom and top
Tee-sections.

Recorded strains in the vicinity of the web opening in all RWS connections are larger
in the LMS than in the HMS. In RWS-H only, the strain demand at LMS was significantly
higher than that at HMS. This was attributed to the composite beam-slab engagement as
the shear transfer bolts were placed off-centre over the LMS of the web opening thereby
increasing the strain demand on the Tee-sections of the LMS. Consequently, yielding ini-
tiated earlier in RWS-H at the bottom Tee-section of the LMS than the other RWS con-
nections during the first cycles of 0.01rad (sagging) as illustrated in Fig. 12. However,
the web opening exhibited extensive load redistribution from LMS to HMS in all RWS
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Table 3 Results summary

Solid RWS-L-retrofit RWS-L RWS-H
M at column face M, (kNm) +ve 347 340.2 339.4 328.7
—ve —306.7 -3185 —293.4 —-290.3
M at opening centreline M, (kNm) +ve - 300.3 307.1 290.1
—ve - —2812 —265.4 —256.2
My /M, , rq steel section +ve 1.16 1.13 1.13 1.09
—ve -1.02 —1.06 -0.98 -0.97
M; /M, g, composite section +ve 0.71 0.69 0.69 0.67
—ve — ve My /M, g, steel section
M, /M, , rq Steel section +ve - 1.17 1.19 1.13
—ve - -1.09 -1.03 -1.00
M, /M, r, composite section +ve - 1.13 1.16 1.06
—ve - ve M,/M, , r, steel section
0,(rad) +ve - 0.0499 0.0499 0.0499
—ve - —0.0499 —0.0498 —0.0499
0,(rad) +ve 0.0201 0.0180 0.0174 0.0168
—ve — 0.0196 -0.0169 —-0.0150 —-0.0148
M, (kNm) +ve - 3239 324.1 318.2
—ve - —294 -279.5 —185.2
Ductility D, = 6,,/0, +ve - 2.39 2.91 2.82
—ve - -2.39 —3.46 -3.14
Dissipated energy (kN.m.rad) +ve - 35.20 34.87 34.42

M; is the applied moment at the column face. M,, is the applied moment at web opening centreline
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Fig. 11 Observed crack pattern in Solid connection specimen (mm)
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Fig. 12 Elastic, elastic—plastic and plastic stress distributions in a composite section (Davison and Owens
2012)

Fig. 13 Disconnecting the composite slab of the solid connection specimen to be reused for the next test

connections. This can be observed where the Tee-sections of the HMS in all three RWS
connections reached yielding before the first two cycles of 0.02 rad.

The web opening experienced large deformation in all three RWS connections when
subjected to 0.03rad rotation cycles. The first plastic hinges formed in all three RWS con-
nections at the top tee section of LMS. Particularly, in RWS-H, (see Fig. 17a) there were
peeling and hairline cracks starting at the edges of the web opening on the top Tee-section
at the LMS.

In all RWS connections, during the first cycle of 0.03 rad, the beam top and bottom
flanges (above and below the web openings) began to buckle locally when in compression
and straighten out when in tension. This behaviour persisted until the 0.04 rad rotation
cycles. This indicates that four plastic hinges around the web opening occurred (Vierendeel
Mechanism). Hence, the VM was fully developed, allowing for local buckling of the beam
in both its top and bottom flanges. It could be concluded that the local yielding of Tees
(ductile failure) led to a favourable behaviour instead of a simple shear failure at the web
opening, in all RWS specimens.

4.3 Hysteretic response

The hysteresis curves for all RWS connections are presented in Figs. 18, 19, and 20. Pro-
vision of stable hysteresis cycles with a high energy dissipation capacity at well-defined
plastic hinge locations, is fundamental for resilient structural behaviour during and in the
aftermath of earthquakes (Bernuzzi et al. 1996). In the present study, RWS connections
behaved as expected in terms of attaining ductility, mitigating the cracks of concrete slabs,
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a) Steel peeling off during
4% rotation.

¢) Bolted studs’ failure. d) Cracks.

Fig. 17 The failure modes of RWS-H connection

and sustaining higher moments than the bare steel beam’s full plastic moment (M,,) at 4%
rotation in both directions. Thus, all RWS connections were capable of achieving at least
an interstory drift larger than 4%, thereby complying with performance targets set up in of
ANSI/AISC 358-16, ANSI/AISC 341-16 and the EC8 (CEN 2005a; ANSI/AISC 341-16
2016; ANSI/AISC 358-16 2016). It must be stressed that rotation capacity is expected to
be larger when deployed in moment-resisting frames due to column flexibility.

Round hysteresis cycles without pinching were observed for all RWS connections. They
are the outcome of early local yielding in the vicinity of the web opening, thus, leading to
the redistribution of the global actions from LMS to HMS. This redistribution is due to
inelastic stresses being concentrated around the web openings, inducing the occurrence of
the VM in the weakened area of the beam rather than failure within its non-ductile compo-
nents. Such a mechanism caps the shear forces that can be transferred outside the protected
zones, in close alignment with capacity design principles.
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Fig. 18 Hysteretic curves for RWS-L-retrofit connection

It was expected that the extra row of studs over the protected zone would lead to early
yielding and early failure due to increased stress/strain demand on the bottom flange (Lee
et al. 2016). However, energy dissipated well through the VM in RWS-H, despite earlier
crack initiation in the vicinity of the web opening. This was attributed to the capability of
the web opening for redistribution of local forces, counterbalancing the increased stress/
strain demand on the bottom flange that led to quick initiation of a crack in the vicinity of
the web opening.

Unexpectedly, RWS-H demonstrated lower moment capacity compared to the identi-
cal specimen RWS-L (Table 3). The extra row of bolted shear studs should have led to a
higher moment capacity of the RWS-H specimens when compared with their counterparts.
Instead, it increased the stress/strain demand in the top Tee-section (Fig. 21), leading to an
earlier onset of yielding in the top Tee-section at LMS due to the location of the extra row
of bolts above the LMS. This can be justified by the fact that the web opening consists of
two Tee-sections (top and bottom sections) with similar local behaviour under the same
global load. Each Tee-section consists of top and bottom parts that exhibit compression
and tension under the same action over the cross-section, as illustrated in Fig. 21. The loca-
tion of the studs above LMS led the bottom part of the top Tee-section to experience earlier
local yielding, which eventually induced earlier crack initiation at the LMS as well. This
is a plausible explanation for the lower moment capacity of RWS-H, as this feature was
absent in RWS connections without composite action above the web opening.

@ Springer



Bulletin of Earthquake Engineering

400 T T T T T 150 T T T
300
100 - 1
200
50 - 4
E 100
= Z
g 0 § 0r q
E £
= 100
-50 q
-200 ]
i
-100 - 4
-300
— — —Moment-Rotation Curve RWS-L — — —Extended End-Plate F-R Curve for RWS-L
400 . L I L L _150 L . L
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 -0.1 -0.05 0 0.05 0.1
Rotation rad Rotation rad
150 T T T T 150 T T T
100 B 100 B
50 1 s0 ]
Z ]
s of 1 s of 1
g g
S H
= =
50 - 1 50 - g
-100 - q -100 - q
— — — Web Opening F-R Curve for RWS-L — — —Slab Slip-Force Curve RWS-L
_150 . . . . . _150 . L . . .
-0.2 0.1 0 0.1 0.2 -1.5 -1 -0.5 0 0.5 1 15
Rotation rad Slip mm

Fig. 19 Hysteretic curves for RWS-L connection

Remarkably, the retrofitted specimen (RWS-L-retrofit), which involved creating a
web opening, performed as well as the other RWS connections, despite concrete cone
failure (Fig. 22b.). Another crack line was observed in the slab of RWS-L-retrofit con-
nection (Fig. 23), in addition to the two lines of micro-cracks that developed in the
solid connection as illustrated in Fig. 11. These two lines of cracks became more vis-
ible but did not propagate deeply inside the slab in the next test of RWS-L-retrofit.
While RWS-L and RWS-H specimens experienced only micro-cracks. Also, slight
separation between the metal deck and the concrete occurred in RWS-L and RWS-L-
retrofit (see Fig. 24). The maximum slab slip in all RWS connections at the maximum
load was not more than 1.3 mm in the positive moment and 1.32 mm in the negative
moment. This further indicates that significant plastic deformation only occurred in the
web opening.

It seems that both the demountable shear studs and a 25 mm gap between the slab
and steel elements played a key role in mitigating concrete slab damage, along with the
plastification of the web opening. This could be due to the hole clearance in the steel
beam flange which allowed for slippage between the beam and the slab, as well as the
fact that plastic deformation occurred in the vicinity of the web opening. The provi-
sion of the entirely disconnected beam-to-column joints (i.e., 25 mm gap) prevented
contact between the slab and steel elements, thus limiting force transfer between them.
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¢) Top crack at the end of first cycle of 0.05 d) Bottom crack at second cycle of 0.05 rad
rad (negative moment). (positive moment).

Fig. 22 Failure modes of RWS-L-retrofit specimen

Consequently, the expected failure mode of a ductile frame strong column-weak beam
was observed in all tested RWS specimens (Figs. 22 and 24).

The demountable composite system was found to be capable of quick disassembly,
therefore fostering reuse, and/or replacement in case of extensive damage observed at
the end of the design life or in the aftermath of a large earthquake. The nuts were eas-
ily demounted using an ordinary wrench; even, if there was appreciable bending of the
washer, which was the case for the RWS-H specimen.

4.4 Expected versus actual resistances
4.4.1 Capacity design

The strong-column weak-beam design framework, adopted in both Eurocodes and AISC
(CEN 2005a, c; ANSI/AISC 341-16 2016; ANSI/AISC 358-16 2016) requires that the
bending strength of the connection M, should be stronger than the bending resistance
of the connected beam M, ;. In this study, the capacity of the connection M; , that was
designed based on the components method in EC3-1-8 (CEN 2005¢) compared to M,,; , gy
and M, , p, are shown in Table 1.

The connection to beam capacity ratio M;g,/M,; g, of the solid specimen equals
one, which falls into the category of partial strength according to EC3-8 (CEN 2005c).
In the equal/partial strength category, the plastic deformations occur in both the connec-
tion and the beam (Landolfo 2022). The introduction of the web opening (RWS) into the
solid-webbed beam reduced the capacity of the connected beam. Thus, it increased the
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Fig. 23 Observed crack pattern in RWS-L-retrofit connection specimen and concrete cone failure (mm)

connection-to-beam capacity ratio M, g,/M,, , g, to 1.17 and altered the connection cate-
gory from partial to full strength.

The adopted capacity design framework was effective for obtaining the expected per-
formance, namely plastic deformations occurred in the web opening only. This means that
a web opening effectively constrains inelastic action in the protected zone, away from the
joint plate and the column. Henceforth, providing the web opening is a reliable course of
action that allows for full-strength connections within the strong column/connection weak
beam paradigm.

Ensuring that RWS connections retain their ability to carry gravity forces, even after
failure, is critical; especially in the aftermath of an earthquake. In this testing cam-
paign, a large web opening equal to 80% of the beam depth was tested; this exceeds
the limitations of the SCI-P355 guidance (Lawson and Hicks 2011). Moreover, as pre-
viously mentioned, the rotation capacity is expected to be greater when deployed in
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d) Micro-crack and deck separation in
RWS-L connection.

¢) Vierendeel Mechanism.

Fig. 24 The failure modes of RWS-L connection

moment-resisting frames than what was observed in these tests, due to the flexibility
of the column. As a result, both the column flange and the panel zone would contribute
to inter-story drift capacity, preventing cracks in the vicinity of the web opening. Thus,
the post-earthquake capacity (e.g., shear capacity) would remain uncompromised, as the
Vierendeel capacity of the perforated section would not be reached. The potential risks,
such as yielding or buckling of the remaining web sections and their implications for
maintaining structural integrity in post-earthquake scenarios, are worth exploring and
investigating.

4.5 Connection design moment

Table 3 shows the ratios of the applied actions to the design/capacity values. It is worth
noting that all hogging (—ve) design capacities for all non-composite and composite,
unperforated and perforated beam sections were based on the steel capacities (i.e., M, , gy
(Eq. 1) and M, , g, (Eq. 2) Table 1). For RWS connections, the average ratios based on the
nominal resistance of steel solid-webbed beam (Eq. 1) are+1.12 and —1.00 under sag-
ging and hogging moments, respectively. While the average ratios based on perforated steel
(Eq. 2), are+1.16 and —1.04 under sagging and hogging moments, respectively. Ratio
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values greater than 1.00 denote that the composite slab contributes to the overall connec-
tion strength.

It is found that under sagging moment, the composite slab contributes to the overall
RWS connection strength, regardless of composite engagement. While under hogging
moments, the contribution of the composite slab was affected by the location of the web
opening. Therefore, the composite action should be considered in the design process due to
its contribution. This is because it could jeopardise the strong column-weak beam frame-
work, by strengthening rather than weakening of the beam, if it is not properly accounted
for. Further experimental and FE investigations are needed to verify the effect of the size
and location of web openings on the contribution of the composite slab.

For sagging moments, it can be seen that the plastic stress block method M), 5, overesti-
mates the actual composite section strength (Table 3). While the plastic bending resistance
of the composite beam section at the web opening M,, , r, according to SCI-P355 (Lawson
and Hicks 2011), underestimates the actual composite perforated beam section strength. In
details, M, , ; based on the SCI-P355 (Lawson and Hicks 2011), provides an overstrength
by about 12%. While the plastic stress block method M, r, does not represent the actual
strength and provide less strength than the actual one by about 32%. Hence it is important
to comprehend the impact of the composite engagement on RWS connections to consider
the overstrength in both new buildings and seismic retrofit.

Regarding moments within the VM, the design method of SCI-P355 (Lawson and Hicks
2011) did not accurately predict the actual Vierendeel bending resistance of the perforated
beam section that was subjected to cyclic loading (Table 4). Under sagging moment, the
applied Vierendeel moments were lower than the Vierendeel bending resistance by 26%
for RWS connection without composite engagement, and by 50% for RWS-H. While under
a hogging moment, the applied Vierendeel moments were, on average, 28% lower than

Table 4 Design resistances

. . RWS connections RWS-L-retrofit RWS-L ~ RWS-H
versus applied actions
V, ra(kKN) Steel 142.9
Composite  161.2 160.5 160.5
My r(kNm) Steel 18.2
Composite  18.2 24.5
Vi (kN) +ve 120.7 120.4 116.6
—ve —113 —-104.1  —103
My p,(kNm) +ve 13.43 13.40 12.98
—ve —12.58 —-11.59 -1146
Vea!/Vora +ve 0.75 0.75 0.73
—ve -0.79 -0.73 -0.72
My g/Mygg — +ve 0.74 0.74 0.53
—ve -0.69 -0.64 -0.63

V,.ra = shear resistance for perforated section and My y, = Vierendeel
bending resistance according to SCI-P355 (Lawson and Hicks 2011).
Vg4 = maximum applied shear force in the test. My, ;, = applied Vier-
endeel moment in the test = Vy,l,. Where [, is equivalent rectangular
opening length (Lawson and Hicks 2011). My z, of RWS-L-retrofit
and RWS-L for composite sections were based on the steel sections,
because there was no composite engagement over the opening (Law-
son and Hicks 2011). For —ve Vi, /V, z, and —ve My g,/ My g, steel
section resistances were used (i.e., M v,kd for steel and V,, g, for steel)
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Fig. 25 Strain profiles for beam bottom flange near the connections
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the Vierendeel bending resistance. This also applied to the shear resistance of the perfo-
rated sections as per SCI-P355 (Lawson and Hicks 2011). On average, the applied shear
forces were 26% and 25% lower than the resistances under sagging and hogging moments,
respectively.

4.6 Strain profile across the steel beam bottom flanges

The strain profiles across the steel beam bottom flanges near the connections and below
the web openings are presented in Figs. 25 and 26. The strain on the bottom flange near the
connection for RWS-L-retrofit was beyond the elastic limit (in yielding region), but did not
reach the plastic region as illustrated in Fig. 12. The highest recorded strain was 2866 p at
rotation of 0.03 rad under hogging moments. In contrast, for RWS-L and RWS-H, the high-
est recorded strains on the bottom flanges near the connection were 10,936 p and 11,241 p
at a rotation of 0.05 rad under sagging, respectively. The higher strain demands found in
RWS-L and RWS-H were approximately 3.8 times those found in the RWS-L-retrofit. This
was due to the fact that the location of web openings was closer to the column face in these
two connections. This also implies that the strain demand on the bottom flange near the
connection was not influenced by the composite engagement, given the negligible differ-
ence in the strain demand observed between RWS-L and RWS-H.

Regarding the strain demand on the flange below the web opening, the highest recorded
strain was 7516 p at a rotation of 0.04 rad for RWS-L-retrofit. At the same stage, the
recorded strains were 8524 p and 9122 p at a rotation of 0.04 rad in RWS-L and RWS-H,
respectively. However, the highest recorded strains in RWS-L and RWS-H were 11,907 p
and 12,821 p at a rotation of 0.05 rad under hogging, respectively. It was observed that
under sagging moments, the strain demands on the flange below the web opening did not
exceed 3329 p for all RWS connections. However, the beam flange below the web opening
was in the elastic—plastic region during the cycles of 0.03 rad. It was worth noting that the
strain profiles up to the end of the tests across the beam web in all RWS connections did
not exceed 1603 p.

5 Conclusions

This paper presents the results of an experimental study of demountable steel-concrete
composite reduced web section (RWS) connections to assess their adequacy for use in
seismic areas. Four demountable steel-concrete composite connection specimens that
employed RWS were tested under cyclic loading. The key differences among the speci-
mens were the presence of bolted shear studs over the web opening and the location of the
web opening.

One solid-webbed specimen was tested to examine the structural performance of retro-
fitted connections. This was done by cutting a hole in the web after subjecting the speci-
men to cyclic loads representing moderate seismicity. The test results showed that the RWS
connections were capable of utilizing the perforation’s location in a high shear zone. This
resulted in the initiation of local yielding in Tee-sections, leading to the dominance of the
ductile (Vierendeel) failure mode in the connected beam.

This mechanism is critical to avoid transferring excessive shear forces to the compo-
nents of such connections. The results also underscored that the component method
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approach used in EC3 for joint design should include the effect of web opening on the joint
behaviour using the design guidelines of SCI-P355 (Lawson and Hicks 2011). This is due
to the reliability of the occurrence of Vierendeel failure mode.

All specimens are capable of accommodating at least a 4% inter-story drift ratio. This
would rank the connections as highly ductile, henceforth allowing for their deployment
within Special Moment Resisting Frames (SMRFs), considering both AISC and Eurocode
guidelines.

The size and location as well as the presence of bolted studs over the protected zone
influence the strength, rotational capacity, ductility, and energy dissipation of RWS con-
nections. Further experimental and numerical studies are required to expand data for poten-
tial prequalification in existing and next-generation seismic codes for steel design.
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