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ARTICLE INFO ABSTRACT

Keywords:
RWS connections
RBS connections

Softening of beams near the moment connection can be regarded as one of the most convenient methods for
retrofitting non-seismically designed buildings. This can be done by drilling the beam web near the connection
(aka RWS-Reduced Web Section) or cutting the beam flanges (aka RBS-Reduced Beam Section). Thus, becoming

]I;)titilit a cost-effective option for retrofitting and erection of new buildings, while optimising use of steel; making the
Retroﬁty most of this high environmental impactful material. This study presents a comprehensive investigation of the

effects of using extended end-plate bolted RWS and RBS connections in building behaviour when subjected to
strong ground motion. For that purpose, incremental dynamic analyses (IDA) were performed in a low height
building fitted with RWS and RBS connections capable of limited ductility. This was done with the aim of
characterising the seismic behaviour of buildings with deficient earthquake design after being subjected to
seismic upgrade. It is observed that empirical fragility curves show that probabilities of exceeding 1%, 2% and
4% inter-story drifts are significantly lower (more than 25%) for the building that is designed with RWS con-
nections instead of RBS connections; while the probability of collapse is reduced by at least one third. This in-
dicates that deployment or RWS connections can reduce the risk of both; severe structural damage and, large

Steel frames

economical loss due to damage of non-structural elements when seismic demands are moderate.

1. Introduction

Many of legacy buildings may not comply with modern seismic
design requirements. Considering the vast distribution of such buildings,
the employment of quick and affordable ways for seismic retrofit is of
key importance [1,2]. For instance, the use of non-symmetric extended
end plates has been predominant in the UK. However, this structural
solution is known to display extensive damage and fragile failure modes
even when subjected to moderate seismic actions [3]. Complimentarily,
softening of beams on locations close to the beam-column interface is
one of the most convenient methods for retrofitting of non-seismically
designed buildings [4], as shear and moment demands on the beam-
column connection are capped. This can be achieved by weakening
the beam web by making perforations within it, leading to reduced web
section (RWS) or by trimming their flanges (RBS).

Use of perforated beams (aka RWS) is becoming widespread in the
UK; where seismic hazard is low. This is due to a number of benefits such
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as their reduced self-weight; their increased sustainability as the use of
steel is optimised; and ease of integration of utilities and supplementary
equipment; which can be accommodated through the openings, instead
of placed underneath the beams. Consequently, there is extensive
research on the structural capacity of RWS beams [5-8] eventually
leading to robust guidelines for their use for non-seismic structural ap-
plications [9,10].

Undesired behaviour of moment-resistant connections was observed
in the aftermath of the 1994 Northridge Earthquake. Particularly, there
was extensive inelasticity within and around the connection welding
[11]. For that reason, the basic principle for the design of moment-
resistant connections changed, precluding plastic behaviour in col-
umns and beam-column joints, while aiming for yielding of the full
cross-section of beams instead. On the other hand, inelastic behaviour in
properly designed RWS beams is caused firstly by the occurrence of a
Vierendeel mechanism where local yielding occurs on the edges of the
perforations [12] This divergence in behaviour, coupled with first
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impressions about how weakening of the web could lead to concurrent
non-ductile behaviour like early web buckling, tearing, and torsional
failure; resulted in scepticism about the use of RWS connections for
applications where ductile behaviour is a critical factor.

However, recent numerical simulations [13] and experimental tests
[4] have shown that it is possible to allow for significant inelastic
behaviour in RWS connections when subjected to cyclic actions. The
Vierendeel mechanism is a reliable option because it caps the shear that
can be transmitted from the beam to the beam-column connection,
without extreme distortion of the beam web; whilst panels in between
perforations still allow for coherent deformation of flanges and webs,
thus limiting torsion and buckling [14].

Consequently, use of RWS connections for seismic applications is a
plausible option. This can be done in new buildings, but most promising,
for retrofitting of non-seismically compliant buildings. Making perfo-
rations on the webs (RWS) and flanges (RBS) of beams within steel-
frame buildings to cluster inelastic action in protected zones, away
from fragile beam-column connections, can be done in a straightforward
manner; while upgrading to other solutions involving connection
strengthening would require disassembly, making it more costly and
disruptive.

For that purpose, this study explores solutions for quick retrofitting
of buildings by making changes solely in the cross-section close to the
beam-column end; mimicking a quick approach for seismic upgrading,
where existing non-compliant connections are kept. For that case, a non-
symmetric beam-column connection widely used in the UK is herein
considered.

This way, effects on global building behaviour of two cross-section
reduction strategies are compared. For that purpose, a 4-storey proto-
type building was designed and fitted with both types of connections,
leading to two distinct models. Then fragility curves for both models,
associated with diverse performance objectives conditioned by inter-
story drift (threshold of structural damage, moderate damage, exten-
sive damage, and collapse) were computed. Finally, behaviour at
collapse was evaluated, focusing on the inelastic displacement amplifi-
cation at the top along with computation of strength reduction factors.

2. Study framework

This study extends a research initiative that assessed experimentally
the performance of beams with reduced web (RWS) and reduced flanges
(RBS) of beam-column connections [4]. For that purpose, a prototype
four-storey steel building is formulated. Non-symmetric end-plate con-
nections within it are retrofitted by reducing beam web or beam flanges,
thus migrating inelastic demands from the beam-column interface. Then
seismic response of the prototype to far-field ground motions is inves-
tigated by performing analysis in commercial structural engineering
software.

Suitably of the analytical framework is verified by replicating the
results of the experimental testing campaign [4]. This led to the devel-
opment of a simplified lumped plasticity model to represent the
behaviour of RBS and RWS connections with non-seismically compliant
end plates. Then properties of the beam and columns of the 4-storey steel
prototype building are defined in accord to AISC specifications (2016).
Consequently, the obtained structural elements are connected using
both RWS and RBS connections assessed in [4], leading to two distinct
prototypes. Afterwards, a representative middle-bay moment frame was
selected to be subjected to Incremental Dynamic Analyses (IDAs) for
each prototype. Finally, the results of the IDA analyses become the input
for computation of fragility curves that allow for comparison of per-
formance of both types of connections.

2.1. Veriffcation study and development of the beam-column analytical
model

This study compares two strategies for improving the seismic
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performance of non-symmetric top-side extended end-plate beam-col-
umn connections using RBSs and RWSs. The former approach involves
making cuts on the beam flanges to create a protected zone where
extensive yielding can take place, thus ensuring that inelastic action
occurs away from the beam-column connection [15-19]. As an alter-
native, the RWS approach involves cutting or allocating perforations on
the beam web to induce the formation of a Vierendeel Mechanism
[20,21] that leads to stable shear yielding when subjected to cyclic ac-
tions, precluding inelastic behaviour on the beam-column edge. As
shown in Fig. 1, only one hole is provided near the column face for the
RWS. Previous research has benchmarked both solutions via laboratory
testing [4].

Firstly, an analytical representation of the connection is proposed.
For that objective, a lumped plasticity approach is considered [22].
Thus, all inelastic action is expected to occur on the beam’s protected
zone (around and over the perforation). Specifically, three rotational
springs are arranged in series as shown in Fig. 2. The first one models the
flexibility of the shear panel in the column, which is assumed to remain
elastic. The second one represents the interaction at the beam-column
interface. The third one is a symmetric plastic hinge that simulates the
protected zones in both the RWS and RBS connections.

According to Fig. 3, the rotational stiffness of the first hinge can be
derived as follows:

GA
Vez = d—5Pz = GA Op; (€]
b

After multiplying both sides of Eq. (1) by dj, it becomes:
KPZ = GAdb (2)

Where, Kp; is the rotational stiffness of the column panel zone, G is
the shear modulus of steel (80GPa), A is the column web cross-sectional
area and dj is the beam depth. Eq. (1) provides a simplified way to ac-
count for the elastic shear distortion of the panel zone.

The second spring models slippage and deformation on the beam-
column interface. Although the end-plates used as the beam-column
interface are the same in the RWS and RBS models, two distinct ap-
proaches were used for representing their behaviour (Fig. 4). For the
RWS a friction link with a positive post-yield slope is considered, as
shown in the figure. This allows for partial decoupling of the beam-
column interface. On other hand, the RBS is modelled using a friction
link with a flat post-yield slope, thus enhancing supplemental beam-
column interface deformation induced by buckling and torsion of the
RBS beam; which is a consequence of its reduced torsional stiffness due
to flange trimming [4]. The difference between the performance of the
end-plates used in the RBS and RWS models can readily be observed
from Fig. 5.

Although both RBS and RWS exhibited comparable pre-yield stiff-
nesses, their behaviour after yielding diverges. The RBS specimen dis-
played slippage, which became the dominant trend as it becomes
sensitive to out-of-plane stability; whilst the RWS showcased in-plane
flexure-related plate deformation.

The second spring follows the trilinear stiffness degrading Takeda
model [23]. Albeit this model is widely used for representing the
behaviour of concrete elements, its ability to model pinching and stiff-
ness variation with deformation made it a suitable choice to represent
traits observed during testing of RBS and RWS connections with non-
symmetric beam-column connections. The Takeda model is similar to
the kinematic model except that in the reloading stage, the curve follows
a secant line to the backbone curve for loading in the opposite direction.
The target point for this secant is at the maximum deformation that
occurred in that direction under previous load cycles.

Finally, moment-rotation relationships in the protected zones (RBS
or RWS) are idealised using yielding hinges in accord with what is
prescribed in FEMA 356 [24]. Their backbone curves are shown in
Fig. 6. The only difference amongst RWS and RBS representations is the
rotation thresholds. For both cases, the yielding moment is calculated
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Fig. 1. Steel moment connections considered in this study: RBS connection (left), RWS connection (right).

Fig. 2. Schematic arrangement of the rotational springs.
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Fig. 3. Deformation of the column panel zone.

considering the reduced cross-section and the capacity of the Vierendeel
mechanism [4].

Experimental benchmarking data for this study is based on tests done
by Tsavdaridis et al. [4]. They subjected RWS and RBS beam-column
connections typical in the United Kingdom to displacement-controlled
cyclic actions. As the UK is a low earthquake hazard region, the con-
nections lacked capacity design detailing, showcasing features like non-
symmetrical beam-to-column connections. However, similar detailing

can be observed in regions where building code compliance is sparse, as
expected in the Global South.

Results from the tests indicate that RWS connections were less sen-
sitive to lack of proper seismic detailing than their RBS counterparts,
even reaching 4% interstorey drifts without showcasing fragile failure
modes like connection-tearing, web-buckling, and large deformation
within the end-plate, whilst being capable of describing stable hysteresis
loops. Contrarily, RBS specimens displayed extensive end-plate de-
formations due to the loss of restrain provided by flange trimming.
Further details about the experiments can be found in [4].

Tests were simulated in ETABS [25], and it was found that the nu-
merical scheme replicates major observed phenomena: stiffness degra-
dation, pinching and non-symmetrical features of backbone curves,
particularly for the RBS connection.

Results in [4] show that both beams have similar positive (sagging)
yielding moment capacities, close to 130kN, which were recorded at
similar chord rotations. The numerical results follow to the tests in this
regard, as shown in Fig. 7. In this figure, the rotation is the whole chord
rotation of beam.

In order to better justify how different hinges, contribute to the total
response, the moment-rotation diagrams related to the rotation of the
beam hinge (rotation in RWS or RBS connections) and the end-plate
connection (rotation due to the end-plate deformation) are shown in
Figs. 8 and 9 for RWS and RBS connections, respectively.

Comparing Figs. 8 and 9 with Fig. 7, it is inferred that the general
behaviour of each specimen is mostly dominated by the beam plastic
hinges.

Once the models have been verified, it is useful to characterise the
hysteretic behaviour prior the allocation of either RWS or RBS connec-
tions. For this purpose, a new model of a connection without beam
weakening was generated, but the non-symmetric extended end-plate
connection was kept. Hysteretic behaviour of this model is depicted in
Fig. 10.

Comparing Figs. 10 and 7, it is clearly observed that the specimen
without beam weakening leads to non-symmetrical hysteresis loops with
low energy dissipation, along with limited plastic rotation when positive
(sagging) moments are applied. Contrarily, the retrofitted specimens
(especially the one fitted with RWS connections) display a more desir-
able behaviour, leading to stable, symmetrical hysteresis loops without
pinching or origin wandering (deformation reversed almost completely
with the load) but allowing for large energy dissipation, as reflected on
the larger enclosed area within each cycle.

For better justification, the energy dissipated during a complete
excursion of 0.03-rad total rotation in the models, and their corre-
sponding plastic rotations are evaluated as given in Table 1. As
observed, the RWS model showcases superior performance and obvi-
ously overperforms when compared to the original model. The RBS
connection increased the plastic rotation although it has the least energy
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Fig. 4. Modelling of the beam-column interface: RBS connections (left), RWS connection (right).
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Fig. 6. Modelling of the beam plastic hinge: RBS connection (left), RWS connection (right).

dissipating capability. The RWS and RBS models satisfied the minimum
plastic rotations, required for Special and Intermediate Moment Frames
according to AISC [3].

3. Analysis methodology

The methodology employed in this study is incremental dynamic
analysis (IDA). It was firstly, formulated by Vamvatsikos and Cornell
[26], and it involves effectuating linear and non-linear numerical ana-
lyses on a structural model, considering a collection of strong motion
records that are successive scaled until collapse, which is defined as lack
of convergence of the numerical model as a failure mode develops and

the vertical load-carrying capacity is compromised. These ground mo-
tion records should reflect features expected on the frequency content of
the site shaking. Then, it is possible to study the response of the
ensemble of results to judge if the structure complies with desired per-
formance objectives following the performance-based design philosophy
(PBD). PBD aims to limit non-structural damage and allow for quick
repair and operation when ground strong motion intensity is low whilst
minimising the extent of structural damage and the possibility of
collapse when seismic demand is high. For further details on PBD the
reader is referred to FEMA 445 [27]. All analyses were done in ETABS.

The most typical way to assess structural performance within the
PBD framework is through fragility functions. They specify the
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Fig. 7. Replication of experimental benchmark test for studied: (a) RWS; and
(b) RBS.

probability of observing a damage state (normally structural damage)
conditioned on achieving a particular engineering ground motion in-
tensity. It is a common practice to relate these damage states to struc-
tural engineering demand parameters; being peak floor acceleration
[28] and inter-story drift [29] the prime options. The most widely used
ground motion intensity employed is PGA. However, PGA does not
convey information about the building characteristics. The spectral ac-
celeration response at the fundamental period is the benchmarking
ground motion parameter in this study. This is a sensible selection as the
response of low and moderately tall buildings is dominated by the
fundamental period.

3.1. Ground motion ensemble considered

This study employed the far-field set compiled in FEMA P695 [30]
for defining the ground motions employed to characterise seismic de-
mands associated with far-field ground motion. As it can be seen in
Table 2, Richter magnitudes range between 6.0 and 7.5; and records
arise from inter-plate events on land. Large subduction earthquakes
were excluded, due to their long frequency content. Likewise, events
observed at epicentral distances larger than 100 km were also neglected,
as the focus is made on strong motion that can potentially generate
extensive structural damage. This leads to a wide range of PGAs, as
shown in Table 2.

It must be stressed that ground motion variability caused by earth-
quake events is large for both inter (amongst diverse events) and intra
(within the same event) records, as surface response is affected by
diverse phenomena, amongst them; site conditions, directionality,
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Fig. 8. Moment-rotation diagrams of: (a) Beam hinge and (b) end-plate
connection for RWS specimen.

boundary conditions on the surface, etc. Consequently, it is possible that
acceleration records that were generated by a single fault rupture may
denote distinct features that can affect diverse structures differently.
Thus, it is reasonable to include records associated with the same
earthquake event, as long as their frequency content, duration and
single-parametered instrumental intensity (usually measured in term of
PGA and PGV) are varied.

The collection of response spectra associated with the grouped strong
motion records is shown in Fig. 11. Most relevant acceleration response
is observed for periods less than 1 s which is more than what is expected
for the fundamental period of the building prototype being assessed. Yet,
the ensemble showcases a varied response, enough to assess the
behaviour of the model to diverse conditions.

3.2. Prototype building

The prototype building is a four-story structure for residential use
with bay width spanning 6 m in both directions, while the typical floor
height is 3 m and the first level is just 2.4 m as it is used as a garage.
Allocation of structural elements follows what is stated in the AISC 360
[31] guidelines. As previously mentioned, the connections are
comprised by non-symmetric extended end-plates. They are commonly
observed in ageing buildings in the UK, and it is common practice to
consider them rigid whilst enduring gravitational loads. This feature is
also likely to be found in buildings with poor seismic detailing, where
capacity design principles are not tightly enforced. The baseline seismic
demand level for design corresponds to a PGA with a return period of
475 years, associated with a 10% probability of exceedance in the
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Fig. 9. Moment-rotation diagrams of: (a) Beam hinge and (b) end-plate
connection for RBS specimen.
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Table 1
Evaluation of structural properties of the models.

Model Energy dissipated Plastic rotation (+) Plastic rotation (—)
(kN.m) (rad) (rad)

Original 2.3 0.022 0

RWS 3.0 0.033 0.033

RBS 2.1 0.025 0.028
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Table 2
Strong motion records employed in this study.

Year Name Station Magnitude Epicentral PGA
distance
[Richter] [km] [g]
1994  Northridge Beverly Hills — 6.7 13.3 0.52
Mulhol
1994  Northridge Canyon 6.7 26.5 0.48
Country-WLC
1999  Duzce, Turkey  Bolu 7.1 41.3 0.82
1999 Hector Mine Hector 7.1 26.5 0.34
1979  Imperial Delta 6.5 33.7 0.35
Valley
1979  Imperial El Centro Array 6.5 29.4 0.35
Valley #11
1995 Kobe, Japan Nishi-Akashi 6.9 8.7 0.51
1995  Kobe, Japan Shin-Osaka 6.9 46.0 0.24
1999 Kocaeli, Duzce 7.5 98.2 0.36
Turkey
1999 Kocaeli, Arcelik 7.5 53.7 0.22
Turkey
1992 Landers Yermo Fire 7.3 86.0 0.24
Station
1992  Landers Coolwater 7.3 82.1 0.42
1989  Loma Prieta Capitola 6.9 9.8 0.53
1989  Loma Prieta Gilroy Array #3 6.9 31.4 0.56
1990  Manjil, Iran Abbar 7.4 40.4 0.51
1987  Superstition El Centro Imp. 6.5 35.8 0.36
Hills Co.
1987  Superstition Poe Road 6.5 11.2 0.45
Hills (temp)
1992  Cape Rio Dell 7.0 22.7 0.55
Mendocino Overpass
1999  Chi-Chi, CHY101 7.6 32.0 0.44
Taiwan
1999  Chi-Chi, TCU045 7.6 77.5 0.51
Taiwan
1971  San Fernando LA -Hollywood 6.6 39.5 0.21
Stor
1976  Friuli, Italy Tolmezzo 6.5 20.2 0.35

following 50 years. It has been hypothetically placed in an area under-
lain by a site C according to ASCE-7 [32], and consequently the design
PGA is 0.30 g. Designed RBS and RWS connections have the same
flexural stiffness before yielding.

The earthquake resistance structural system is comprised by perim-
eter single-bay braces and moment-resisting frames acting on orthog-
onal directions across all spans. Gravity elements lean on the braces
while the moment-resisting frames also support vertical loads, as shown
in Fig. 12.

As the purpose of this study is to understand the difference in
behaviour when providing RWS or RBS connections, 3D effects are
secondary and could introduce noise in the assessments, whilst signifi-
cantly increasing complexity. Therefore, the frame on the B axis was
selected for benchmarking, focusing on in-plane analyses (Fig. 13). This
choice was made because all frames in the longitudinal axis are part of
the lateral load resistance system. Thus, inner frames are the most
common in the building whilst carrying the largest share of both vertical
loads and floor shear.

Besides the plastic hinges representing the RBS and RWS connections
at the end of each beam, supplemental force-controlled hinges were
allocated at the end of each column to allow for degradation of the
column load-carrying capacity. Moreover, it should be highlighted that
effects on slabs were not addressed in this study as experimental data in
this regard is limited.

It should be noted that for the beams used in the prototype building
(CPE360 and CPE400) the flanges cut in RBS and the hole diameter in
RWS have, approximately, the same ratio as those used in Ref. [4], i.e.,
50% cut of flanges for RBS and provision of hole with a diameter of 75%
the section depth for RWS.



A.M. Tabar et al.

2
C
c
o
2
©
—
o
()
ot
< 1
(o]
o
=1
Q
wv
o
0

Journal of Constructional Steel Research 197 (2022) 107459

2 3 4

Time (s)

Fig. 11. Response spectrum of the unscaled records, indicating mean values, plus and minus 1o (standard deviation) limits.

Fig. 12. 3D view of the 4-story frame associated with the designed element sections.

3.3. Modal properties of prototype building

The fundamental period of the prototype building is 0.66 s, which is
4% larger than the mean value suggested by empirical height,
fundamental-period relationships [33] used for structural design [32].
Consequently, the approach presented in this study leads to structures
that are representative of what is observed in practice.

T, = 0.091H°3 3

Where, T; is the fundamental (first) mode period in seconds, and H is
the building height in metres. Higher-mode periods are presented in
Table 3, where they are compared to what is observed for a fixed-base
cantilevered shear beam with the same fundamental period. The
agreement is close on the second mode, where the value for the building

is 4% for the first and second modes, while they are slightly less than
20% for the third and fourth modes. It should be noted that as the focus
of this paper is on assessing the behaviour of both connection types (RBS
and RWS) when allocated in the lateral load resistance system; both
cases were designed to have the same nominal moment capacities and
showcase the same pre-yield hogging stiffnesses. Consequently, both
building models have the same elastic modal periods and modal shapes.

Modal periods and shapes are benchmarked against a continuous
surrogate shear beam model (Fig. 14), which represents reasonably well
the seismic behaviour of high-rise buildings with moment-resistant
frames [34]. Continuous beam representations as surrogate models are
useful because they provide a universal model that allows for assessment
of large building portfolios, as their response can be described by few
parameters, whilst providing general scaling laws. This is particularly
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Fig. 13. Typical interior moment frames of the 4-story frame associated with the designed element sections.

Table 3
Modal Periods of the prototype building [s].
Mode Building Shear Beam
Ist 0.66 0.66
2nd 0.21 0.22
3rd 0.11 0.13
4th 0.08 0.09

useful for earthquake risk assessment of large urban areas.

Modal shapes closely agree on the ordinate at the top of the building.
The first mode ordinate is 5% larger than what is observed for the shear
beam, while for the second mode, values for the building are 5% lower.
Nevertheless, mode shapes diverge significantly for other locations.
Clearly, the number of levels is too low to make the analogous shear
beam model reliable at locations different than the last level.

x=2z/H
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s --e--Shear Beam

0.0 (d I 1

0.0 0.5 1.0 1.5
To(x)

4. Results
4.1. Fragility curves

Empirical fragility curves display the conditional probability of
exceeding a particular structural demand given that a strong motion
parameter has not exceeded a threshold. Therefore, they provide a direct
assessment of the reliability of a structural system. In this study, the
selected structural demand parameters are: inter-story drift and occur-
rence of collapse. The strong motion parameter that characterises the
seismic demand is the spectral acceleration at the fundamental period of
the structure.

4

F(Sa(Ty)) :P( d > Di )

Sa(T1){Sa(Ty),

Where, F is the fragility distribution function, Sa(T;) is the spectral
acceleration at the fundamental period, d is the inter-story drift, D; is the
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Fig. 14. First and Second mode shapes of the prototype building, benchmarked against a continuous shear beam.
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drift threshold being considered in the analysis, and Sa(T;); is the
spectral acceleration limit. Bayes theorem allows for Eq. (4) to be
rewritten as:

d>Di

P(a(T1)(Sa(T}),)

The first term in Eq. (5) is the fraction where the Sa(T;) is lower than
the specified limit Sa(T;);, amongst those analyses where drift demand is
large than the given D;. The second factor is the ratio of records where
drift exceeds D; to the total number of analysis in the IDA procedure; and
the denominator is the fraction the number of records where the spectral
accelerations is less than Sa(T;); and the total number of analyses per-
formed. Consequently, Eq. (5) can be computed directly from results.

It must be stressed that conditional probability distributions are
being calculated instead of probability density functions; being the latter
the most commonly used in risk analyses. However, it is trivial to obtain
the latter from the former by taking the partial derivative of the con-
ditional distribution (Eq. (5)) in terms of Sa(T1).

Sa(T1)(Sa(Ty), )P(d > Di)

r(
F(Sa(Ty)) = ®)

4.1.1. Drift fragility curves

The fragility curves for drift exceeding 1%, 2%, 4% and collapse are
shown in Fig. 15.

For all drift limits considered in this study, RWS connections perform
better than RBS connections. This indicates that buildings with the RWS
connections are expected to be safer, as they are likely to experience
lower drifts than their RBS counterparts, regardless of the seismic
demand.

In particular, the probability of initiating structural damage, as
indicated by exceeding a 1% inter-story drift is between 2, for Sa(T;)
values less than 0.7 g; to 1.3 times larger for Sa(T;) values larger than 3;
when the RBS connections are considered instead of the RWS ones. For
this level of drift non-structural damage is expected to be extensive [35],
and consequently, economical losses are going to be significantly larger
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for the former.

For 2% and 4% inter-story drifts, which loosely correspond to the
performance threshold for moderate ductility connections, the ratio
amongst probabilities of exceeding the threshold ranges between 2 and
1.2. Being the limits observed for Sa(T;)s of 1 g and 3 g, respectively.
Although these values of Sa(T;) seem high at first sight, it is common to
observe strong-motion amplification factors larger than 2.5 in buildings,
as usually prescribed by earthquake design codes (ASCE/SEIL, 2022
[311), indicating that even if Sa(T;) takes values as low as 1 g (which is a
moderate shaking), differences on structural damage experienced by
buildings fitted with RBS and RWS could be significant.

Finally, RWS connections lead to significantly lower probabilities of
collapse. For all Sa(T;) values assessed, they showcase a conditional
probability less than 6%, while their RBS counterparts reach a 15%
probability for a Sa(T;) of one 1 g, and eventually reach a probability of
collapse of 20% when it becomes 3 g. This is a significant performance
improvement as it is roughly 3 to 5 times less likely to observe collapse
for moderate ground motion when RWS connections are employed
instead of RBS connections.

4.1.2. Floor acceleration fragility curves

Floor Accelerations (FA) are another critical performance factor to be
considered in design. Accelerations in excess of 1 g can lead to signifi-
cant non-structural damage, particularly in critical support systems like
HVAQC, utilities like electricity, water provision and disposal, commu-
nication infrastructure and suspended ceilings. Thus, even if the struc-
tural damage is limited, acceleration-induced damage can be significant
enough to compromise function and even lead to loss of life [36].

Results, displayed in Fig. 16 indicate that floor accelerations will
significantly exceed the spectral response values at the fundamental
period. For example, median values for floor accelerations of 0.7 g and 1
g, are observed for Sa(t1) ordinates of 0.85 and 1.5 g, respectively. The
uneven ratio amongst these quantities (0.85/0.75 and 1.5/1.0) indicates
that single-mode analyses are not well suited to capture floor
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Fig. 15. Empirical fragility curves for drifts exceeding 1, 2, and 4%; and collapse.
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Fig. 16. Empirical fragility curves for floor accelerations exceeding 0.7, 1, 1.5 and 2 g.

acceleration response factor, issue that has been highlighted before [37].

For all assessed FAs the model with RWS connections showcases
larger probabilities of exceeding them for most Sa(T1) ordinates, when
compared to what is observed with the model with RBS connections.
Clearly, the RBS model displays extensive non-linear demands and early
collapse as presented in the previous section. This factor limits the extent
of the accelerations that can be reached inside the building. Contrarily,
better performance exhibited by the RWS connections leads to larger
accelerations within the building. This indicates that effective structural
seismic retrofitting should include reliability assessments of
acceleration-sensitive components

4.2. Inelastic displacement ampliffcation

Inelastic displacement amplification was assessed in the IDA step
immediately before collapse, leading to lower bound estimates of

Ratio
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0.54
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RBS

045
0.36
0.27
0.18
0.09 r
0.00

<05 1.0 1.5 2.0 2.50 3.0
displacement amplification factor

1

>3.0

inelastic displacement amplification and strength reduction. Histograms
for the former are shown in Fig. 17.

Particularly, the displacement at the top of the building was
compared to the displacement observed in a model where non-linear
behaviour was precluded by considering linear moment-rotation rela-
tionship in the model hinges as described by Eq. (6).

__drtop, ®)

= dtop;
Where, Cg; is the inelastic displacement amplification factor at the
top, dtope is the maximum displacement of the elastic model at the roof,
and dtop; is the displacement of the model, in the step before collapse.
Amongst all the assessed time histories, collapse of the RWS model was
observed in 11 of the 22 ground acceleration time histories considered.
While for the model with RBS connections it occurred amongst 17 cases
of 22, a ratio of 77%.
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Fig. 17. Histograms of the inelastic amplification factors and inelastic displacement at top.
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Summary statistics of Cg; for both models, with RWS and RBS con-
nections are shown in Table 4. The Student’s t-test [38] on the means of
both populations leads to a p-value of 0.056, which is larger than the
convention threshold of 0.05, leading to the fact that it is not possible to
consider both means to be statistically different for such limit. Clearly,
the variability of results for both models is too large to make sound
assessments about different behaviours.

However, general remarks can be made by aggregating data. The
principle of equal displacements holds as the median value for the whole
set is close to 1.0, indicating that the median of displacements of both
inelastic and elastic models are similar. Nevertheless, there is a large
variability in the data, reflected by a coefficient of variation (ratio be-
tween standard deviation and mean) of 0.6.

When considering the largest observed inelastic displacements at the
building top (as given in Table 5), there is less confidence about statis-
tically significant divergences between models with RWS and RBS
beams. Student’s t-test [34] p-value is 0.28, several times larger than the
0.05 custom limit, which indicates that there is no practical difference
amongst both populations. It seems that displacement at top is mostly
determined by the characteristics of ground motion.

4.3. Strength reduction factor (R)

As done with the roof deformation, base shear in the step before
collapse was studied and compared to what is observed in structures
remaining elastic by computing the strength reduction factor, as
employed in most structural engineering specifications [36], according
to Eq. (7).

Vb,

R=
Vb,‘

7

Where, Vb, is the elastic base shear, and Vb; is the base shear
observed before collapse. Summary statistics of R for both models, with
RWS and RBS beams are shown in Table 6 while their histograms are
presented in Fig. 18. The Student’s t-test [38] on the means of both
populations yields a p-value of 0.0021, which is less than a full order of
magnitude than the convention threshold of 0.05, leading to the fact that
it is possible to consider the means of each group to be different with
confidence, regardless the observed variability of results amongst each
model.

Behaviour of the model with RWS beams is significantly better than
the one observed for the model with RBS beams. The median of the
former is almost twice the larger, while minimum and maximum values
range well above the ones observed for the model with RBS beams. Also,
when the standard deviation is normalised by the mean, namely the
coefficient of variation (COV). The COV of the model with RWS is lower,
(0.3) which is significantly smaller than what is observed for the model
with RBS (0.37), indicating that solutions considering RWS elements
lead to higher and more reliable reductions in base shear demands in
buildings by allowing enhanced inelastic response.

This improvement is due to the significantly larger base shear de-
mands that can be endured by the building model fitted with RWS
beams, as clearly shown in Table 7.

Notably, the median ultimate base shear supported by the model
with RWS connections is 1.5 times larger than the value observed for the
model with RBS connections. Moreover, the minimum base shear

Table 4

Summary statistics for Cd;.
Summary Statistic RWS RBS Both
Maximum 4.12 2.84 4.12
Median 1.55 0.88 1.01
Minimum 0.81 0.42 0.42
Mean 1.71 1.10 1.32
Standard deviation 0.88 0.60 0.80
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Table 5

Summary statistics for inelastic displacement at top [mm].
Summary Statistic RWS RBS Both
Maximum 1582 1584 1584
Median 580 431 458
Minimum 291 37 37
Mean 627 466 533
Standard deviation 338 367 364

Table 6

Summary statistics for R.
Summary Statistic RWS RBS
Maximum 4.52 2.90
Median 2.83 1.43
Minimum 1.39 0.88
Mean 2.80 1.67
Standard deviation 0.85 0.62

sustained for the former is larger than the median value for the latter,
indicating how divergent are their behaviours. Likewise, it is notable to
mention how the variability of response of the model with RWS con-
nections is almost half what is observed for the model with RBS con-
nections, as represented by the differences on their standard deviations.

These divergences amongst the models are further supported by the
fact that the Student’s t-tests [38] on the means of both populations lead
to a p-value of 0.003, which, as observed for the R factors, is larger than
one order or magnitude that the 0.05 threshold.

5. Discussion

This study shows how to implement RWS connections with non-
symmetrical bolted top side extended end-plates in software used
commonly in structural engineering practice. For that purpose, a lumped
plasticity approach is proposed. Firstly, the shear induced moment-
rotation of the panel zone is represented by a rotational spring. Then
it is coupled by a second spring that represents the deformation of the
end-plate, while allowing for non-symmetrical early yielding by using
Takeda’s trilinear stiffness degradation model [23], which is a common
choice for assessing the response of reinforced concrete. Then the beam
response is assessed by a third spring in series with the previous ones.

Although choice of Takeda’s model for representing steel connec-
tions is at first sight surprising, it can efficiently represent pinching and
stiffness degradation. In concrete, they are both observed due to the
deterioration of bonding between rebar and concrete, which leads to
buckling of the former in compression and fracture in tension. This
process is analogous to the buckling and slippage of bolts in the beam-
plate interface. Both were observed in the tests done by Tsavdaridis
and his team [4] when studying the response of RWS connections using
detailing provided in the UK, a non-seismic region.

If properly detailed symmetrical end-plates are provided, it may be
possible to prevent these phenomena and lead to area-stable symmetric
hysteresis loops without slippage. Furthermore, if the panel zone is
strengthened, for example with doubler plates, its shear deformation can
be reduced to a level where it can be neglected in practical terms, thus
leading to a simpler formulation where only a single spring is required.

It must be stressed that the development of RBS connections is a top
driven approach, in the sense that first solutions were structured to
improve behaviour of structures in seismic regions, thus requiring
enforcement of proper detailing for enhanced ductility. Therefore,
conforming to strong beam-column paradigm is a critical requirement.
Contrarily, RWS are widely used in regions where seismicity is sparse,
and research is done to explore how they can be adapted to provide
enhanced ductility. Clearly, solutions assessed in this study involved
beam end-plates that are not expected to be found in buildings with
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Fig. 18. Strength reduction factor and base shear just before collapse.

Table 7

Summary statistics for Inelastic base shear [kN] before collapse.
Summary Statistic RWS RBS
Maximum 174 159
Median 115 76
Minimum 80 66
Mean 118 75
Standard deviation 24 43

proper seismic detailing. Nevertheless, they may be present in structures
where enforcement of structural engineering standards is weak, which is
usually the case in the global south; or in legacy buildings that haven’t
been retrofitted.

Results indicate that use of RWS connections with poorly seismically
detailed beam end-plates is a better choice than considering their RBS
counterparts. Results show an improvement in reducing the probability
of occurrence by at least a factor of 2, for a wide range of drifts repre-
senting behaviours expected under operational conditions, being the
most representative: limited damage, extensive structural damage, and
collapse. Thus, this course of action reduces efficiently total expected
loss, for both moderate and strong seismic demands, effectively
contributing to both life protection and mitigation of total financial loss
by reducing drift-related structural and non-structural damage.

Still, improvement in behaviour is limited, as median R factors ob-
tained are slightly larger than 2.75. However, it must be stressed that
this result is an outcome for connections with substandard seismic de-
tailing. Results shown by this study are encouraging and make the case
of studying the behaviour of RWS connections with more reliable
seismic detailing.

Another topic worth of discussion is the collateral effect of increased
floor acceleration demands. As RWS connections assessed in this work
improve structural behaviour and reduce the probability of collapse,
there is a larger chance of enduring larger seismic demands. Thus, floor
accelerations that would have not been observed before retrofit, due to
early collapse, are now plausible. Structural retrofitting must consider
this, as it would be counterproductive to enhance deformation and drift
capacity to lead to floor-acceleration driven damage. Results of this
study show that improvements on the overall structural behaviour must
be coupled with assessments and enhancements of performance of
acceleration-sensitive equipment and non-structural elements within
the building.

6. Concluding remarks
This study shows how an array of three rotational springs can

represent the behaviour of RWS and RBS connections with highly
deformable and weak beam end-plates. The approach proposed was
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implemented efficiently in commercial software used commonly around
the globe for structural engineering. Moreover, it uses formulations that
are established in guidelines for seismic designs formulated by FEMA.
This provides a quick way for use by the overall steel structural engi-
neering community.

The proposed approach was tested by performing IDA analyses in a
prototype low-rise building representing structural systems predomi-
nant in the Global South, but particularly in the Middle East. Both RBS
and RWS connections were assessed finding that provision of the latter
reduces the probability of collapse by at least a factor of 4 for spectral
accelerations for the first mode larger than 1 and less than 3.5 g.
Moreover, reductions larger than 1.5 were obtained for drift demands of
4%, 2% and 1% indicating that use of RWS connections instead of RBS
connections also limits interstory-drift driven structural and non-
structural damage.

Improved behaviour is further validated by significantly statistical
differences on behaviour of both models, with RWS and RBS connec-
tions. The first one reached a mean R factor of 2.8, while the latter only
achieved a mean value of 1.43. Furthermore, the coefficient of variation
of the R factor for the model with RWS connections is 0.3, while for the
RBS model is 0.38, indicating that the former provides a more reliable
solution, as dispersion of results, normalised by their mean, is relatively
lower. Regarding displacements, there is no statistical footing to
consider that displacement amplification at the top-level is distinct
amongst both groups.

Consequently, providing RWS connections on buildings that do not
conform to sound seismic standards, can increase seismic performance
as indicated by the obtained R factors, which showcase a median value
of 2.8. However, there is scope to improve behaviour by limiting bolt
and plate deformation and buckling, curtailing pinching and slippage,
eventually leading to an approach with even better performance,
capable of achieving enhanced ductility and even larger R factors. On
the other hand, the observed poor performance of building seismic
response when RBS connections are employed indicates that adaptation
of this solution to cases where seismic detailing is not stringent, is un-
likely to succeed.
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Appendix I. Notations

The following symbols are used in this paper:

A = column web cross-sectional area.

Cgqi = inelastic displacement amplification factor at the top.

d = inter-story drift.

dp = beam depth (mm).

dtope = maximum displacement of the elastic model at the top.
dtop; = displacement of the model at the step before collapse.
D; = drift threshold.

G = shear modulus of steel (80GPa).

H = building height.

Kp = rotational stiffness of the beam plastic hinge.

Kgp = rotational stiffness of the extended end-plate connection.
Kpz = rotational stiffness of the column panel zone.

Mp = beam moment at plastic zone.

My = plastic moment at plastic zone.

Mgp = beam moment at column face.

R = strength reduction factor.

Sa(T;) = spectral acceleration at the fundamental period.

T; = fundamental (first) mode period.

Vpz = shear in column panel zone.

Vpe = base shear in a model where hinges allow for a linear relationship amongst moment and rotation.
Vpi = shear observed for the same ground motion in the models at the step before collapse.
Spz = lateral distortion of column panel zone.

0 = beam rotation.

6y = beam yield rotation.

6pz = rotation of column panel zone.

Appendix II. Sample calculation of the end-plate capacity

According to the geometry details given in Ref. [4] and the guidelines noted in AISC 358 [39] for calculation of the end-plate moment capacity, the
negative moment (hogging) capacity of the end-plate is derived as follows (the notations here are the same as those defined in AISC 358 [39]):

(1) For the RWS model:

- In case of the bolt failure:

My, = 2P, (ho +hy) = 2 x 100000 x 3.14(29.5+20) x 107 /9.81 = 320 kN.m

- In case of the end-plate failure:

s:%\/ZO X 12="7.7cm

20 11 1 1] 2
== 12425(——+— 75(——) =2 | + = [24.25(4. 7] =
Y 2{ 5(4.25+7.7)+3375(4_25> 2}+12[2425(425+77)] 210 cm

M, = 3440 x 2% x 210 x 107 /9.81 = 300 kN.m

- In case of the column flange failure:

20.6 11 2
ye=- {(24‘25 +33.75) (erﬁ) } +731(24.25+33.75)(4.25+7.7)| = 333 cm

M = 3440 x 1.73% x 285 x 107° /9.81 = 340 kN.m

13



A.M. Tabar et al. Journal of Constructional Steel Research 197 (2022) 107459

Thus, the negative plastic moment capacity of the connection is taken as 300 kN.m as shown in Fig. 4. The ultimate moment capacity in this
situation is taken as 400 kN.m which considers the effect of a 3% strain hardening factor, in accord with FEMA 356. In contrast, for the positive
moment (sagging) capacity the plastic moment capacity is derived as 120 kN.m which is less than half of that in negative moment. This is due to the
fact that only a single row of bolts is provided.

Moreover, as the plate yielding dominates the connection performance, the rotation capacity of the end-plate is considered 0.042 rad based on
FEMA 356.

(2) For the RBS model:

According to the experimental study in Ref. [4], a major slippage was observed in the RBS model due to the beam lateral-torsional buckling accrued
soon after the RBS plasticization. This can be arisen from the supplemental out-of-plane shear and moment as shown in Fig. 5. As the slip-critical
ultimate state governed the performance of the RBS model, the corresponding moment capacity can be derived by multiplying the interfacial pres-
sure due to My, by the friction coefficient (u), as follows:

M, = ,M(A%)d =0.3x320 =96 kN.m

Considering the multiplier D, = 1.13 that reflects the ratio of the mean installed bolt pretension to the specified minimum bolt pretension as
defined by AISC 360 [40], the slip-critical moment, Mg, will be around 110-kN.m as shown in Fig. 4. It should be noted that the slip-critical moment
for the positive case is approximately half of that in the negative case since there is only one row of resistant bolts.
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