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ABSTRACT

2D models, which are conventionally employed for the seismic performance assessment of buckling-restrained braced frame

(BRBF) buildings, are incapable of simulating the out-of-plane buckling of gusset plates. This study presents a novel 3D macro-

modelling approach capable of capturing the out-of-plane buckling of gusset plates in BRBFs. This modelling approach is used

to gain new insight into the dynamic behaviour of BRBFs by analysing a case study four-storey steel BRBF with a super-X

configuration, designed using the provisions of the New Zealand seismic design standards along with guidance from practising

engineers. Numerical models of the building are subjected to static pushover analysis and dynamic analyses under bidirectional

hazard-consistent ground motions. The structural performance is observed to remain unaffected by gusset plate buckling up to

the 2500-year return period intensity level, beyond which buckling is observed. Consideration of gusset plate buckling is found

to decrease the building’s deformation capacity and increase its mean annual frequency of collapse by 170%, indicating that the

current NZS 3404 design procedure for gusset plates is unconservative in nature. Bidirectional loading is found to have little to no

impact on the performance of the gusset plates.

1 | Introduction

Many office buildings constructed in Christchurch following
the 2010-11 Canterbury earthquakes include buckling-restrained
braced frames (BRBFs) [1]. Buckling-restrained braces (BRBs)
have also been widely adopted across the world due to their
capability to yield both in tension and compression, exhibiting
fully balanced hysteresis loops and good ductility capacity. Several
subassembly-level experimental studies (e.g., Vazquez-Colunga
et al. [2], Tsai and Hsiao [3], Court-Patience et al. [4], Westeneng
et al. [5]) have, however, highlighted the possibility of premature
out-of-plane buckling of gusset plates before the BRBs can
develop their full axial load-carrying capacity. Tests conducted by
Vazquez-Colunga et al. [2] additionally demonstrated that gusset
plate buckling was exacerbated under bidirectional loading,

resulting in a further 15% reduction in gusset plate resistance
compared to unidirectional loading. Conversely, a study by
Court-Patience et al. [4] reported no significant influence of
bidirectional loading on gusset plate strength.

Vazquez-Colunga et al. [2], Westeneng et al. [5] and Court-
Patience et al. [4] developed experimentally validated 3D contin-
uum finite element models of BRBs with their adjoining gusset
plate connections to better understand their out-of-plane buck-
ling behaviour. Although 3D continuum models are detailed and
accurate, they are computationally expensive and impractical for
use in assessing the global behaviour of BRBF buildings. Hence,
computationally efficient 2D macro models are often preferred
instead. The 2D macro models conventionally employed to model
BRBFs are limited in their ability to simulate the out-of-plane
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buckling failure mode of gusset plates (e.g., Upadhyay et al. [6],
Zsarndczay et al. [7] and Ghowsi et al. [8]).

This study presents a novel macro-modelling approach capable
of capturing the out-of-plane buckling of gusset plates in BRBFs.
This approach is employed to develop the following two models
of a four-storey steel BRBF building with a super-X configuration:
a 3D Spatial model and a 3D Planar model. The 3D Spatial
model represents a computationally efficient alternative to 3D
continuum models. The 3D Planar model achieves a further
improvement in computational efficiency by making a few
additional simplifying assumptions. The performance of these
models is compared to that of a conventional 2D model of
the building. Non-linear static and dynamic analyses of these
three building models are conducted to investigate the following
research questions:

1. Can traditional modelling methods (using 2D models) be
refined to effectively simulate the out-of-plane buckling
failure mode of gusset plates in BRBFs?

2. Does bidirectional loading affect the out-of-plane buckling of
gusset plates in BRBF buildings?

3. Does gusset plate buckling influence the estimated global
seismic BRBF response?

4. Does gusset plate buckling influence the collapse risk of
BRBF buildings?

2 | Summary of Commonly Adopted BRBF
Macro-Modelling Strategies

Although a few studies (e.g., Wei et al. [9]) have developed 3D
macro-models of BRBF buildings, 2D frame models are typically
employed (e.g., Upadhyay et al. [6], Zsarndczay et al. [7] and
Ghowsi et al. [8]) to simulate their global seismic response, owing
to their computational efficiency. The 2D BRBF modelling strate-
gies commonly encountered in the literature are summarised in
Table 1. The common elements and uniaxial material models
used to model BRBs, brace-to-gusset connections, BRB frame
members and the gravity system are discussed in Sections 2.1
and 2.2. Common damping modelling strategies are presented in
Section 2.3.

2.1 | BRBs and Brace-to-Gusset Connections

Some studies summarised in Table 1 utilise either force- or
displacement-based fibre elements [10] to model BRBs with
moment-resisting and pinned brace-to-gusset connections. Force-
based fibre elements employ shape functions to interpolate forces
along the length of the element, whereas displacement-based
fibre elements interpolate displacements. Members modelled
using displacement-based fibre elements must typically be finely
discretised to achieve results comparable to those obtained using
a single force-based fibre element [10]. Although both element
types can yield similar results, some studies (e.g., Vafaei et al.
[11], Chen [12], Prinz et al. [13]) have favoured force-based
fibre elements for their computational efficiency. Some studies
employed truss elements to model BRBs with pinned brace-to-

gusset connections. Truss elements are more computationally
efficient compared to fibre elements and have proven to be suit-
able for representing pin-connected BRBs, as shown by Upadhyay
et al. [6] and Zsarnoczay et al. [7]. Yu et al. [14] utilised truss
elements to model BRBs with moment-resisting connections;
however, this modelling choice leads to an underestimation of
the flexural stiffness of the BRBs and their connections. All the
studies presented in Table 1 employed 2D numerical models and
BRB connections were modelled as either pinned or fixed, often
with rigid offsets. These approaches fall short in capturing the
out-of-plane buckling of gusset plates, which may occur if gusset
plate thicknesses are insufficient.

Although the Giuffré-Menegotto-Pinto steel model [15] and the
bilinear model are commonly used to model the constitutive
behaviour of BRBs, they cannot simulate their asymmetric
constitutive behaviour. The recently proposed Zsarnéczay and
Vigh steel model [7] can simulate this asymmetric constitutive
behaviour, while also capping the hardening in both tension and
compression. BRBs can also fracture due to low-cycle fatigue, but
the Zsarno6czay and Vigh steel model cannot simulate this failure
mode. It must, therefore, be used in conjunction with a fatigue
material model [16] to simulate low-cycle fatigue failure.

2.2 | BRBF Beams, Columns and the Gravity
System

Force- and displacement-based fibre elements with the Giuffré-
Menegotto-Pinto steel model have been widely adopted to model
the frame members in BRBFs. The constitutive behaviour of
these frame members is symmetric and, therefore, accurately
represented by this steel model. One drawback, however, is the
inability of this material model to simulate the in-cycle and cyclic
deterioration of strength and stiffness observed in steel structures.
Some recently proposed hysteretic models (e.g., Alghossoon et al.
[25] and Suzuki et al. [26]) can simulate strength and stiffness
deterioration in steel members modelled using fibre elements.
Alternatively, elastic beam-column elements with concentrated
plastic hinges following phenomenological hysteretic rules, like
the modified Ibarra-Medina-Krawinkler (IMK) model [27], have
been adopted in some studies to simulate these deterioration
modes. Although they are computationally efficient compared
to the fibre elements, one potential drawback of concentrated
plasticity models is that they are limited in their ability to
capture the interaction between member axial force and bending
moments. Nevertheless, Lignos et al. [28] have proposed methods
to approximately account for this interaction in plastic hinge
models.

Most gravity systems in steel-braced frame structures are
designed with pinned column base connections and shear tab
beam-column connections. The gravity columns are spliced away
from the beam-column joints and, therefore, behave as continu-
ous columns with pinned base connections. The majority of BRBF
modelling strategies represent the gravity system with a leaning
column that is pin-connected at every floor level and connected
to the BRBF using rigid truss elements. The continuous gravity
column effect is ignored in most modelling strategies (discussed
in Table 1), which affects the storey drift distribution along the
building height and the observed collapse mechanism [29].

2712 of 2726

Earthquake Engineering & Structural Dynamics, 2025

85U801 SUOLILLOD BA1E81D 3(dedl|dde 8y} Aq peusenob ae sspie YO ‘8sn JO S9N 10} ARiqi8uljuO A8]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A |IM A eIq 1 BulUO//:SdNY) SUORIPUOD PUe SWB | 841 88S *[6Z0Z/0T/ST] Uo Arigiauliuo AB|IM ‘YileeH JO AsiuliN Aq £8e8b8/Z00T 0T/I0p/Wo A8 | IM Aeiq1 Ul |uo//Sdny Woiy pepeojumod ‘TT ‘5202 ‘Gr86960T



10969845, 2025, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/eqe.4383 by Ministry Of Health, Wiley Online Library on [15/10/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(ssnunuo))
[opou [933s
0JUIJ-0)103oUSN—INID [opou [9338
ySosey unsisax Gunsisax s 0JUIJ—0)103UIN—INID) [61]
%ST +VN pauuld -JUOWION  -JUSWIOlN  JUSUIS[S 9IqLY POseq-9010 pauulg 2 I JUSW[D SSNIT, ‘Te 319 Aourey) L
[opou [933s [opou [9338
(suoneurioyop 0JUIJ—-0)103OUIN—-IFNID) 0JUIJ—-0)10SUIN-IFNID)
o81ey) Sunsrsax Sunsrisax Pm Junsrisax Pm [81] TE10
*VN v-d +VN -JUSWION  -JUSWION  JUSUIS[R 9IqIY PIseq-2010 -JUSWO 2 JUSWIIR IQIJ PISBq-30I0] Tejuekeys 9
[opou [933s
(suoneurioysp 0JUIJ-0)103UIN—-INID [opou [2338
ySrerkey agrey) ym 0JUIJ-0)J0SUSN-RIPNID [eT]
%T v-d pauuld pauulg +VN JUSWIIS IqLJ PASeq-A010] pauulg X I JUSWD[D SSNIT, ‘Te 19 zurg S
[opou [933s
(suonyeurioyop 0JUIJ-0)10SOUSN-IFNID) [eLI9jeW
[Tews) Sunsisar Sunsisax i paujop-1asn B M
*VN v-d psuuld  -JUSWOJN  -JUSWOlN  JUSUIS[O 9IqI PIseq-2010 pauuld X JUSWIS[O 2IqYJ paseq-3d10d  [ZI] ‘[ 32 nH %
[opou [933s
0JUIJ-0)103USN—-IPNID) [opou [9338
ySosey unsisax unsisax Pm unsisax 0JUIJ—0))03UN—-IPINID
%T Ieaury pauulg -JUSWION  -JUSWION  JUQUIS[S dIqLY POSeq-9010 -JUSWION X I JUSWD[D SSNIT, [+1] TE3O NX €
ssouyns
juadue) [opou [993s [opout 19918
I (suoneurioyap 0JUIJ-0)103oUIN—INID 0JUIJ—-0)103oUSN—IPNID)
ySroiey 93xe) unsisax unsisax M unsisax s
%t v-d pauulg -JUOWIOIN  -JUSWION  JUSUIS[O 9IqI POSeq-9010 -JUSWION 2 JUSWIIS 1] PISeq-30I0] [z1] uayd 4
[opou [233s [opou [9338
(suoneurioyap 0JUIJ-0)103OUIN-IFNID) 0JUIJ—-0)10SUIN—-IFNIDH
y3osey [rews) gunsisax Pm 3unsisax UIIM JUSTI[ [11]
%S v-d pauulg pauulg -JUSWIOl  JUSUIS[A 9IqLY POSeq-9010 -JUSWON X 2IqQIj paseq-1udwAde[dSIq  Te 19 I9BJRA 1
[epowx UONJR[NULIO}  UIIISAS uumiod aseq Surepowt uonodduuod  anSneg Surepow gYg Apms ‘ON
Surdureq Jedul-uou Aaern wreag uwnjo) Uuwn[od pue weag jossng
JHIIWO9D SUOI}OUU0D oraud

awmnjod-ureaq

*$913918118 SUI[[OPOW JGYF UOWWOD JO MIIATIAQ |

I dT1dVL

2713 of 2726



10969845, 2025, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/eqe.4383 by Ministry Of Health, Wiley Online Library on [15/10/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

"9]qE[TeA. JOU UOTRULIOJUT , VN UONRIAIqQY

(suonjeurrojap
931e) unsisax [epoul 1eaUI[Iq YIIM [BlIS)BW O1IRINSAY YHIM [8]
*VN v-d pauuld pauuld -JUSWIO[  JUSWIIS 3IqIJ PISBq-90104 pauuld X JUSWA[Q 21q1J PISEq-30104  ‘[e 32 ISMOYD ST
(suonyeuriojop [opou 13938
y3o[hey 93re) unsisax [opour 1eauliq YIm unsisax 0JUIJ—0)103UN—-IPINID [¥2]
%T v-d pauuld pauuld -JUSWIOIN  JUQWISA 2IQIJ PISBq-9010g -JUSWON , IIM JUSWALD SSNIT, ‘Te 32 Sueny ¥1
S[eLIa)ew [opowt
(suonyeurIojop 993 Suroloyura1 pue Suryourd pue [opout [391S
93xe) Junsisar gunsisar 91210U0)) so1aodod Yam 0JUIJ—0))03UN-IPINID [9] B30
*VN v-d pauuld -JUSWIOIN  -JUSWIO]N  JUSUIS[D dIqIJ POSeq-9010 pauuld 2 U3 JUSWLD SSNIT, Kekypedn €1
[opou [3938 [opou 13938
(suonyeuriojop 0JUIJ—-0))03UIN—-IINID 0JUIJ—-0))0SUIN—-IPINID
y3rojfey 931e) gunsisax unsisax Pm unsisax Pm [g2]
%T v-d pauuld -JUSWIOIN  -JUSWION  JUSUIS[D 3IqIJ PISeq-9010] -JUSWON 2 JUSWIALR 91q1J PISeq-3010] e 39 nonznyl 41
[opowt
98ury onserd IouIMEBI
(suonyeuriojop Juoz —BUIPIN-®BITRq[ [opowt
ysosey 931e) [oued unsisax POLJIpOW )IM JUSWI[S [9931s YSIA pue Aezoguiesz [2z]
%T v-d pauuld —paxig -JUSWON uwnjod wreaq dNserd pauuld , IIM JUSWS[A SSNIT, ‘T8 12 ey T
[opowt
93ury opserd IauUIMBIY
(suoryeuriojop —BUIPIN-BITRq[ [opowt
931e) unsisax POLTPOUI 1M JUSTI[D [991s YSIA pue Aezoguiesyz [L] Te1
+VN v-d pauuld pauuld -JUSUWION uwnjod ureaq dnserq pauulg 2 I JUSW[D SSNIT, Kezoguresz 01
(suonyeuriojop [opou 13938 [opou 19938
ysosey 931e) Sunsisax 0JUIJ—0))03UIN—-IINID 0JUIJ—0))03UdN—-IINID [12]
%S'T v-d pauuld -JUSUWON +VN I Sagury yimm ureag pauuld X IIM JUSWS[A SSNIT, ‘Te 19 Ae1n 6
[opou 19938 [opou 19938
(suonyeuriojop 0JUIJ-0))030UN—-IINID) 0JUIJ-0))030UN—-IPINID
ySroAey 93xe) unsisax s IIM JUSTIN [0z]
%S v-d pauuld pauuld -JUSWIO  JUQWIIA 2IqIJ PISeq-90I10g pauuld X 21q1j paseq-juduradedsiq ‘Te 30 wreyd 8
[opowt UOI)E[NULIOY WI9)SAS uwngod aseq Suropow uorpouuod  Infneyq Suropow Y9 Apmis ‘ON
Surdureq Jeaur[-uou KAaern wreag uwnio) UwInjod pue weag 19ssng
OHIIWO09H SUOT}I3UUO0D 0 qyd
uwnjod-uredgq
(ponupuod) | T ATAVL

Earthquake Engineering & Structural Dynamics, 2025

2714 of 2726



I

Y 24m

X
a) 3D view

FIGURE 1 | Schematic of the case study four-storey steel BRBF building.

2.3 | Structural Damping

Structural damping is typically represented using the Rayleigh
model with a 2% damping ratio assigned to the first and third
modes. This damping model commonly uses either the initial
or tangent structural stiffness matrix. Several studies have raised
concerns with the use of the initial stiffness matrix in the Rayleigh
damping model (e.g., Hall [30], Charney [31], Petrini et al. [32]),
asitleads to spurious damping forces being produced during non-
linear deformations. As a result, using the tangent stiffness matrix
might provide a more reasonable estimate of the damping forces
(Petrini et al. [32]).

3 | Design of a Case Study Four-Storey Steel BRBF
Building

Five practising engineers across Christchurch were interviewed
to understand the current BRBF design practice adopted in New
Zealand since no explicit guidance for their design is provided
in NZS 3404 [33]. These efforts ensure that the adopted BRBF
building design procedure is in line with the current industry
practice. A Python-based automated script was developed to facil-
itate quick designs of plan-symmetric BRBFs based on NZS 1170.5
[34], NZS 3404 and the inputs from the practising engineers. This
automated script was employed to design a four-storey steel BRBF
building with a super-X configuration to investigate the impact
of the out-of-plane buckling failure mode on its global seismic
performance. The case study building was initially designed with
steel moment resisting frames by Yeow et al. [35] for a site
in Christchurch, New Zealand. In this study, the building has
been re-designed with BRBFs as the lateral load resisting system
(Figure 1).

The building has a rectangular floor plan measuring 24 m X 40
m, as shown in Figure 1a. Four identical BRBFs are located along
the building perimeter, as illustrated in Figure 1b. The first storey
is 4.5-m tall, and all subsequent storeys are 3.6-m tall. The bays
along both the X- and Y-directions are 8-m wide. The column
base connections were designed to be moment-resisting, while
shear tab connections were used for the beam-to-column con-
nections. The bolted brace-to-gusset connections were designed
using grade 8.8 bolts. Based on current design practice in New

BRBF in Y direction

BRBF in X direction

e

Gravity frame

b) Plan view

Zealand, the equivalent static method of analysis was employed,
incorporating the accidental eccentricity requirements specified
in NZS 1170.5. The design ductility was assumed to be 4, and a
structural performance factor (S,) of 0.7 was used. The effective
R-factor used in design is calculated as the ratio of kﬂ to S,
which equals 5.7 in this case. Here, k, corresponds to the design
ductility factor adopted for this building. The engineers in New
Zealand have begun to limit the u used in design after the
2010/2011 Christchurch earthquakes, and hence, a u value of 4
was recommended by the practising engineers in Christchurch.

The design details and BRBF member sizes are summarised in
Table 2. The design process and calculations are described in
detail in Sistla et al. [36]. The geometric and material properties
of the steel sections used for the BRBF beams and columns are
summarised in Onesteel hot rolled and structural steel tables [37].
The yield strength of both the BRB core and the gusset plates
is 360 MPa. A yield strength overstrength factor of 1.1 is applied
to the BRB core, while the tensile and compressive overstrength
factors are 1.1 and 1.4, respectively. These factors are used to
estimate the peak brace force at the ultimate limit state, which
informs the capacity design of the gusset plates and BRBF frame
members. The gusset plates were designed using Thornton’s
method, which idealises gusset plates as equivalent rectangular
sections, in conjunction with an effective length factor of 0.7 and
the NZS 3404 column curve.

4 | Numerical Models of the Case Study Building

Three BRBF building models were developed in OpenSeesPy,
with their key features summarised in Table 3.

The 2D model represents the conventional BRBF modelling
approach, which cannot simulate out-of-plane buckling failure
of BRB gusset plates. It includes a pin-connected leaning gravity
column that does not capture the behaviour of continuous gravity
columns and completely excludes out-of-plane BRBF columns.
Similar to the 2D model, the 3D Planar model represents a
single BRBF within the building. It, however, addresses most
of the limitations of the 2D model by incorporating a novel
macro-model for the brace-to-gusset connection, along with two
continuous leaning columns with plastic hinges that represent
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TABLE 2 | Summary of design details of the case study four-storey steel BRBF building.

Method of analysis Equivalent static

Site soil class D

Importance level 2

Hazard factor (Z2) 0.3 (Christchurch)
Fundamental period (T,) 0.96 s (elastic 2D OpenSeesPy model)
Ductility factor (u) 4

Structural performance factor (S,) 0.7

Horizontal design action coefficient (Cy) 0.11

Peak storey drift at the design intensity level (ultimate limit state or ULS) 1.5%

BRBF member section details

Member Location Section (steel tables [37])

Column Storeys 1 and 2 350 WC 230

Column Storeys 3 and 4 350 WC 197

Beam Levels 1 and 2 530 UB 92.4

Beam Levels 3 and 4 530 UB 92.4

BRB core Storeys 1 and 2 Rectangular section—105 mm X 30 mm

BRB core Storeys 3 and 4 Rectangular section—87 mm X 20 mm
Gusset plate Storeys 1 and 2 Rectangular section—435 mm X 425 mm X 18 mm
Gusset plate Storeys 3 and 4 Rectangular section—385 mm X 375 mm X 14 mm

TABLE 3 | Details of the BRBF models adopted.

Modelling features
Gusset plate Out-of-plane Continuous Bidirectional Fundamental
Model name Buckling BRBF columns gravity system loading period (s)
2D No No No No 0.956
3D Planar Yes Yes Yes No 0.955
3D Spatial Yes Yes Yes Yes 0.952

the gravity columns and the out-of-plane BRBF columns,
respectively. Neither of these two models, however, can simulate
response under bidirectional loading. In contrast, the 3D Spatial
model explicitly represents all four BRBFs in the building, incor-
porates the effect of the floor slabs, and enables the simulation of
response under bidirectional loading. These models, summarised
in Table 3, incorporate progressively more realistic features of
BRBF structures, thereby increasing both the complexity and
computational demand of the analysis. These models are
described in further detail below, and their results are compared
to highlight their trade-offs in accuracy and computational
efficiency.

The Rayleigh damping model using the tangent stiffness matrix
was used to represent structural damping in all three models,
with 2% damping calibrated to the first and third modes, as
discussed in Section 2.3. Although the choice of damping model
can influence the analysis results, this study focuses primarily on
the comparative behaviour of the three models, minimising the

influence of the selected damping model on the conclusions of
the study.

41 | 2D Model

The 2D model is representative of the conventional modelling
approach and is illustrated in Figure 2. The BRB core was
modelled using three displacement-based fibre elements with
three integration points each, and the brace-to-gusset connection
was represented using rigid elastic beam—column elements. The
effective flexural rigidity of a BRB was computed by combining
the flexural rigidities of the steel core and the concrete casing.
The BRB core and restrainer assembly were modelled using
a single hollow circular cross-section, with the diameter and
thickness iteratively adjusted to match the flexural stiffness of
the combined assembly while maintaining the required axial
stiffness of the core. The Zsarnéczay and Vigh steel material
model, in conjunction with a fatigue material model, was used to
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FIGURE 2 | Schematic of the 2D model.

represent the constitutive behaviour of the BRB core. Parameters
of this material model were obtained from Table 3 of Zsarn6czay
etal. [7]. The columns were modelled using elastic beam-column
elements with concentrated plastic hinges at either end of the
member. The modified IMK bilinear model was used to represent
the hysteretic behaviour of the plastic hinges, and the model
parameters were computed using the predictive equations pro-
posed by Lignos et al. [28] for columns. The geometric properties
of the steel sections required for this purpose were obtained
from the Onesteel hot rolled and structural steel tables [37].
The beams were modelled with elastic beam-column elements
with moment releases at the beam-column joints to represent
shear tab connections. The hysteretic behaviour of the beam
plastic hinges at mid-span was modelled using the modified
IMK bilinear model, and the model parameters were computed
using the predictive equation proposed by Lignos et al. [38] for
beams. The BRBF column bases were fixed to represent the
moment-resisting nature of the connections.

The gravity system was represented by a leaning column. All
gravity columns within each storey were modelled using one
elastic beam-column element with a cross-sectional area equal
to the combined area of all the columns. The continuous effect of
the gravity columns was ignored by pin-connecting the elements.
The total gravity load in a storey was applied to the BRBF columns
and the leaning column in proportion to their respective tributary
areas. A large deformation P-A formulation was used to capture
the second-order effects.

4.2 | 3D Spatial Model

The 3D Spatial model is illustrated in Figure 3. The model consists
of four BRBFs along the perimeter, which are connected to four
continuous corner leaning columns (labelled 1, 2, 3 and 4 in
Figure 3) that represent the gravity system. Plastic hinges with
a bilinear hysteretic behaviour and 1% strain hardening were
placed at the ends of the leaning column at each storey. The
leaning columns were connected to the BRBFs using rigid pin-
connected truss elements, with pinned connections representing
the shear tab gravity beam—column connections with negligible

moment resistance. The slabs were modelled using shell elements
with an elastic membrane plate section and were connected to
the four perimeter BRBFs and the leaning columns. The out-of-
plane moments at their connections to the perimeter elements
were released assuming composite slabs possess negligible post-
cracking flexural stiffness.

An individual BRBF from the 3D Spatial model is illustrated
in Figure 4a. Displacement-based fibre elements were used to
model the BRB cores, end-zones and gusset plates, as illustrated in
Figure 4b. The BRB core in this case was modelled using the same
procedure as in the 2D model. The gusset plates were modelled
with equivalent uniform cross-sections (illustrated in Figure 4b)
and connected to the beam-column joints using rigid elements
representing the flexurally rigid region of the gusset plates. The
process to convert a gusset plate with a non-uniform cross-section
into an element with a uniform cross-section is discussed in
Section 4.2.1. Consistent with the 2D model, the Zsarnéczay and
Vigh steel material model wrapped with a fatigue material was
used to model the constitutive behaviour of the BRB core. The
constitutive behaviour of the brace end-zones and gusset plates
was modelled using the Giuffré-Menegotto-Pinto model. Studies
by Zaboli et al. [39] and Sistla et al. [36] highlighted that initiating
an asymmetric buckling mode requires less energy than initiating
other modes. Therefore, out-of-plane geometric imperfections
were introduced in opposite directions at both ends of each
brace to simulate an asymmetric buckling mode (illustrated in
Figure 4c), as this approach provides a conservative estimate of
the gusset plate buckling load. An initial out-of-plane geometric
imperfection of L;, /1000 was introduced at the interface of the
gusset plates and the brace end-zones, where L, denotes the
length of the gusset plate. A clearance (s,.) of 1 mm was adopted
at the interface of the brace end-zone and the BRB core. An
imperfection of 2s. + L, /1000 was applied at the interface, based
on eq. 5 of Zaboli et al. [39].

4.2.1 | Calibration and Validation of the Equivalent
Rectangular Gusset Plate Approximation

A gusset plate can typically be divided into two regions as follows:
a flexible region and a rigid region, as illustrated in Figure 5c.
Figure 5a, from a finite element simulation by Court-Patience
et al. [40], illustrates the flexible region of the gusset plate
(bounded by the two red lines) and the rigid region close to the
beam-column joint (spanned by the yellow line). These regions
can also be observed in Figure 5b, obtained from an experimental
test conducted by Vazquez-Colunga et al. [41]. A simple method
to estimate the effective width (b,) and effective length (L) of
the flexible region of the gusset plate is proposed in this study and
illustrated in Figure 5d.

b= (252) o)

b, + b, 0.6L,,,
(B2 (M) e

Considering the distance from the last bolt line (at the brace
end-zone) to the beam-column joint (L,,,, in Figure 5d) for
estimating L, would be overly conservative, since the region
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FIGURE 3 | Schematic of the 3D Spatial model.
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FIGURE 4 | Explicit modelling of the brace end-zone, gusset plate and rigid ends with geometric imperfections in the 3D Spatial model.

of the gusset plate close to the beam column joint is rigid
(yellow line in Figure 5a). Values ranging from 0.2 L,,,, to 0.65
L,.. were considered for the rigid end length, and 0.4 L,
was found to best represent the experimental results for a 3-
mm gusset plate, based on calibration to a one-storey BRBF
test conducted by Vazquez-Colunga et al. [41]. The same rigid
end length was then used to assess whether the modelling
approach could capture the variation in gusset plate buckling
load due to changes in gusset plate thickness (increased from
3 to 8 mm) and yield strength (Grade 350 for thicknesses less
than 6 mm and Grade 300 for thicknesses equal to or greater
than 6 mm). The buckling loads of three different gusset plates
with thicknesses 4, 5 and 6 mm were experimentally determined
by Vazquez-Colunga et al. [41], and these results were used to
calibrate their 3D continuum finite element model. They then
used this finite element model to numerically determine the
buckling load of gusset plates with thicknesses ranging from 3 to
8 mm. The gusset plate buckling loads estimated by the macro-
model proposed in this study are compared to the numerical and
experimental estimates in Figure 6. The gusset plate buckling
loads estimated by the proposed macro-model agree well with

those from both the 3D continuum model and experimental
results, with relative errors not exceeding 10%. Although the
proposed macro-modelling approach was calibrated using a 3-
mm gusset plate, it consistently performed well for thicknesses up
to 8 mm. Therefore, this modelling approach is considered valid
for gusset plate thicknesses between 14 and 18 mm, as used in the
case study building (Table 2).

4.3 | 3D Planar Model

The 3D Planar model (illustrated in Figure 7) is an improved
version of the 2D model that can capture the out-of-plane
buckling of the gusset plates. The brace connections are explicitly
modelled with out-of-plane imperfections, the gravity system is
modelled using a continuous leaning column with bilinear plastic
hinges, and the out-of-plane BRBF columns are modelled with an
additional leaning column fixed at the base.

Each node in this model has 6 degrees of freedom, but the out-of-
plane translation of the BRBF beam-column nodes is restricted.
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FIGURE 5 | (a) Effective buckling length from a finite element
simulation by Court-Patience et al. [40]; (b) experimental tests by
Vazquez-Colunga et al. [41]; (c) partitioning of a gusset plate into rigid
and flexible regions; and (d) estimating the effective width and effective
length of the flexible gusset plate region.
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FIGURE 6 | Comparison of gusset plate axial load capacities
obtained from the proposed macro-model with experiments and 3D
continuum finite element simulations conducted by Vazquez-Colunga
et al. [41].

Out-of-plane buckling of the gusset plates is expected to produce
bending about the weak axis of the beam to which the gusset
plates are connected, as illustrated in Figure 8. This bending is
resisted by the slab connected to the beam in the 3D Spatial
model. As shown in Figures 7 and 8, this effect is captured in the
3D Planar model by introducing a weak axis bending restraint
at the central beam nodes. Neglecting this slab restraint against
minor axis beam bending can lead to premature buckling of the

Twisting restraint representing slab effect

t
/&
i
A

! "\j
AN

Out-of-plane BRBF column

Ji’ o N

FIGURE 7 | Schematic of the improved BRBF model with computa-
tional efficiency (3D Planar model).

< Weak axis beam bending
= Slab resistance to bending

FIGURE 8 | Influence of the floor slab on the out-of-plane buckling
of BRBs.

gusset plates, which is not likely to be representative of the actual
behaviour.

5 | Non-Linear Static Analysis

The influence of gusset plate buckling on the performance of the
case study BRBF building was investigated by first subjecting the
three BRBF models to unidirectional and bidirectional non-linear
static (pushover) analyses. Unidirectional pushover analysis was
conducted on the three models by applying a load profile
proportional to the fundamental mode shape in the direction
of interest. Bidirectional pushover of the 3D Spatial model was
conducted by first pushing it in the out-of-plane direction to a
pre-defined building drift ratio, and then in the in-plane direction.
Building drift ratio is defined as the ratio of the roof displacement
to the total building height. Gusset plates are considered to have
buckled when their out-of-plane displacement exceeds 5% of their
length. Three demand parameters, namely, gusset plate strength
ratio, building drift ratio at buckling, and in-plane storey drift
ratio (SDR) at buckling, are used to quantify the influence of
gusset plate buckling on the pushover response of the case study
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FIGURE 9 | Pushover curves obtained from the three BRBF models
subjected to unidirectional pushover analysis and the 3D Spatial model
subjected bidirectional pushover with an out-of-plane building drift ratio
of 3.0%.

building. The gusset plate strength ratio is defined as the ratio of
peak compressive gusset plate force obtained from the numerical
model (P) to the design capacity (Pyq,) predicted by the NZS
3404 (1997) gusset plate design procedure.

The pushover curves of the three models subjected to uni-
directional pushover and the 3D Spatial model subjected to
bidirectional pushover with an out-of-plane building drift ratio
of 3.0% are illustrated in Figure 9. Yielding in the bottom storey
BRBs was observed in all the models at a building drift ratio of
0.5%, whereas all remaining BRBs were observed to yield by a
building drift ratio of 2.0%. The second-order effects of gravity
loads are not significant in the 2D model because (i) the case
study building has only four storeys, resulting in a moderate total
building weight; and (ii) strain hardening of 0.5% in tension and
2.5% in compression was used in the Zsarnoczay and Vigh steel
constitutive model for BRBs, effectively offsetting the P-A effects.
The pushover curves obtained in this study are consistent with
those reported for a six-storey steel BRBF building in a previous
study by Zsarnoczay et al. [7].

The 2D model was able to deform up to a 10% building drift ratio
without any significant loss of strength, as it cannot explicitly
capture out-of-plane buckling of gusset plates. The performance
of the 3D Planar model was found to be similar to the 3D Spatial
model under unidirectional loading. Both the 3D Spatial and
3D Planar models deformed up to a 3.6% building drift ratio, at
which point the gusset plates connected to the bottom storey
compression brace buckled, leading to the termination of the
analysis.

In both the models, the in-plane SDR at buckling of the bottom
storey was observed to be 3.3%, while the gusset plate strength
ratio was 0.77. This strength ratio indicates that the gusset plate
buckling capacity observed from the pushover analysis is 77% of
the capacity predicted by the design equation. Compared to the

unidirectional pushover of the 3D Spatial model, no significant
reduction in the strength ratio was observed due to bidirectional
interaction up to an out-of-plane building drift ratio of 2.5%. The
gusset plate strength ratio decreased to 0.72 (a 6% reduction) and
the in-plane SDR at buckling reduced to 2.8% (a 15% reduction)
when the model was subjected to an out-of-plane building drift
ratio of 3%. For reference, an out-of-plane building drift ratio of
3% is 82% of the in-plane SDR at the point of buckling observed
from the unidirectional pushover analysis.

Thus, the pushover results indicate a reduction in building
drift capacity from 10% to 3.6% due to gusset plate buckling
under unidirectional loading, while no significant influence of
bidirectional loading is observed.

6 | Non-Linear Dynamic Analysis

Multiple stripe analysis (MSA) was conducted using the three
building models to investigate the influence of gusset plate
buckling on the dynamic response of the case study building at
nine ground motion intensity levels. Across the three models,
900 non-linear dynamic analyses were conducted using a parallel
computing module based on a leader—follower architecture. A
previously developed leader-follower module (https://github.
com/luca-s/mpi-master-slave) was modified to conduct non-
linear dynamic analysis in parallel. The modified algorithm,
along with detailed instructions on how to employ it for a
simple cantilever system, can be found on the author’s GitHub
page (https://github.com/Saiteja802/parallel-MSA-openseespy).
Bidirectional non-linear dynamic analysis of the 3D Spatial model
was conducted by subjecting it to bidirectional ground motion
record pairs simultaneously. In contrast, unidirectional non-
linear dynamic analysis of the 2D and 3D Planar models was
conducted by subjecting them to ground motion records in the
X and Y-directions independently. In both types of analysis, the
structure is assumed to have collapsed if the peak SDR exceeds
10% in either the X- or the Y-direction. A collapse threshold of
10% peak SDR is justified by the expectation that the BRBs are
likely to fracture and the gravity connections to fail by this point
[42].

The computational cost of the 3D Spatial model was, on average,
150% higher than that of the conventional 2D model, while the
3D Planar model required approximately 60% more resources
than the 2D model. It should be noted that the number of
analyses conducted using the 2D and the 3D Planar models
was twice that conducted using the 3D Spatial model. Further
details regarding the processor type, number of cores and other
specifications can be found in Sistla et al. [43]. The increased
computational cost of the proposed models is attributed to the
following reasons: (i) the 3D models have twice the number of
entries in the element stiffness matrix for each member compared
to the 2D model; and (ii) owing to the use of Newmark-§
integration scheme (implicit method) for conducting dynamic
analysis, the 3D models required significantly more iterations to
achieve equilibrium at each increment, particularly at ground
motion intensity levels that induced gusset plate buckling, which
demanded substantially more iterations in the 3D models than in
the 2D models.
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FIGURE 10 | Geometric mean of the acceleration response spectra in both directions at intensity levels corresponding to (a) 500-year return period,

and (b) 2500-year return period.

The ground motion set adopted in this study was previously
selected by Yeow et al. [35] for a site with soil class D in
Christchurch. These ground motions were selected to match
site-specific generalised conditional intensity measure (GCIM)
targets [44]. Given that the fundamental period of the building
is close to 1 s (Table 2), the ground motions selected by Yeow
et al. [35], using the pseudo-spectral acceleration at 1 s as the
conditioning intensity measure, are considered appropriate for
this study. Further details related to the seismic source model,
intensity measures, ground motion prediction equations and
correlation relationships between various intensity measures can
be found in Section 3.3 of Yeow et al. [35]. The geometric mean
of the pseudo-acceleration response spectra in two orthogonal
horizontal directions of the records selected at the 500-year
and 2500-year return period intensity levels are illustrated in
Figures 10a and b, along with the NZS 1170.5 uniform hazard
design spectrum. The 500-year return period corresponds to
the design intensity level of the case study building with an
importance level of 2. The geometric mean spectra values at T =
1 s (fundamental period of the structure) are generally lower
than the NZS 1170.5 values, suggesting that the code estimates are
conservative. As explained by Yeow et al. [35], this conservatism
stems mostly from (i) overestimation of the effect of small-to-
moderate earthquakes by the ground motion prediction equation
on which NZS 1170.5 acceleration spectrum is based; and (ii)
simplified spectral shape.

6.1 | Building Performance at the 500- and
2500-Year Return Period Intensity Levels

The building performance in terms of the peak SDRs, residual
SDRs and peak floor accelerations (FAs), at the 500-year and 2500-
year return period intensity levels is compared in Figures 11a and
b, respectively. The maximum profiles of peak SDRs, residual
SDRs and peak FAs along both the X- and Y-directions are
illustrated in Figure 11. The peak SDRs, residual SDRs and peak
FAs were found to be consistent across all three models up
to the 2500-year return period intensity level. This is primarily
attributed to the fact that gusset plate buckling was observed
only beyond this intensity level in the 3D Spatial and 3D Planar

models. These results suggest that the observed engineering
demand parameters show little to no sensitivity to the adopted
modelling approach up to the 2500-year return period intensity
level. Using a demolition threshold of 0.5% residual SDR, as
recommended by Yeow et al. [35], the likelihood of building
demolition is 15% at the design intensity level (500-year return
period), increasing to around 50% at the 2500-year return period
intensity level.

6.2 | Influence of Gusset Plate Buckling on
Simulated Demands

In the 3D Spatial and 3D Planar models, buckling of gusset
plates was observed only beyond the 2500-year return period
intensity level. For all gusset plates that buckled in the BRBFs
in either of the orthogonal directions, the gusset plate strength
ratios (previously introduced in Section 5) from the 3D Spatial
model and the 3D Planar model are plotted on the x-axis of
Figure 12a, while the corresponding strength ratios from the 2D
model are plotted on the y-axis. Collapse cases are shown in red,
and non-collapse cases in blue. The plot indicates that 95% of the
strength ratios in both the 3D Spatial and 3D Planar models are
smaller than those from the 2D model. This suggests that gusset
plate buckling reduces the gusset plate strength ratio and brace
stiffness, leading to a decrease in storey strength and stiffness.
A reduction in storey stiffness typically results in an increase in
peak SDRs, as illustrated in Figure 12b. For all gusset plates that
buckled in the BRBFs in either orthogonal direction, the peak
SDRs from the 3D Spatial and 3D Planar models are plotted on the
x-axis of Figure 12b, while the corresponding values from the 2D
model are plotted on the y-axis. In 75% of the cases, the peak SDRs
in the 3D models exceed those from the 2D model. No consistent
trends, similar to those observed for the strength ratios and peak
SDRs, were found for the peak FAs.

6.3 | Factors Influencing Gusset Plate Buckling

The strength ratios obtained from the 3D Spatial model and
3D Planar model were used to examine the impact of gusset
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FIGURE 12 | Influence of gusset plate buckling on (a) gusset plate strength ratio (P/Pgesigs) and (b) peak storey drift ratio.

plate position (mid-span vs. corner) and bidirectional interaction
on out-of-plane buckling. Figure 13 illustrates two histogram
plots of the gusset plate strength ratios obtained from non-linear
dynamic analysis, categorised based on gusset plate position
(Figure 13a) and model type (Figure 13b). A key observation
from Figure 13 is that all observed strength ratios are less than
one, indicating that the NZS 3404 (1997) method for design-
ing gusset plates is unconservative. This aligns with previous
observations by Vazquez-Colunga et al. [2] and Westeneng

et al. [5] and underscores the need for an improved design
approach that effectively mitigates out-of-plane failure in BRB
gusset plates. Several improved methods have been proposed
in the literature to address these shortcomings (e.g., Zaboli
et al. [39], Court Patience et al. [4]). Their efficacy in mitigat-
ing gusset plate buckling will be examined in a future study.
The influence of ground motion uncertainty on gusset plate
buckling capacity is highlighted by the variability observed in
Figures 13a and b.
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Figure 13a indicates that among all buckled gusset plates, approx-
imately 10% are corner gusset plates, with the remaining 90%
being mid-span gusset plates. While the mean strength ratio is
similar in both cases, the lowest strength ratio among mid-span
gusset plates is nearly 20% lower compared to that of corner
gusset plates. The grey dashed line represents the gusset plate
strength ratio obtained from a unidirectional pushover analysis.
These findings are in line with the observations of Fussell [45],
who concluded that mid-span gusset plates possess significantly
less resistance to out-of-plane end rotation and are more likely
to buckle when compared to corner gusset plates. As observed
in Figure 13b, the total number of buckled gusset plates in the
3D Spatial model (100) and the 3D Planar model (107) were
almost the same. Moreover, the average strength ratios were also
similar, with values of 0.79 for the 3D Spatial model and 0.80
for the 3D Planar model. Since the 3D Spatial model considered
bidirectional interaction while the 3D Planar model did not, these
results further indicate that bidirectional loading has little to
no influence on gusset plate buckling. This result is consistent
with Court-Patience et al. [40], who based their observation on
subassembly level experimental tests and 3D continuum finite
element simulations.

Among all the instances of gusset plate buckling, 72% occurred
with strength ratios greater than those predicted by unidirectional
pushover analysis (grey dashed line in Figures 13a and b).
Although buckling was observed in the bottom storey gusset
plates during the unidirectional pushover, around 60% of buck-
ling in the dynamic analysis occurred in the first storey, 40% in the
second storey, with no buckling in the third and fourth storeys.
These results indicate that although unidirectional pushover
analysis provides a good starting point for understanding the
influence of gusset plate buckling on the global seismic response
of BRBFs, it does not provide a complete picture.

6.4 | Influence of Gusset Plate Buckling on
Collapse Risk

Three lognormal collapse fragility curves were fit to the MSA
results of each model and are illustrated in Figure 14a. These

TABLE 4 | Collapse fragility parameters and the mean annual
frequency of collapse (4.) obtained from various BRBF modelling

approaches.
Model o(g) Brrr Br Ac
2D 2.24 0.50 0.67 0.76 x 107*
3D Planar 1.45 0.39 0.59 1.96 x 107"
3D Spatial 1.37 0.35 0.57 2.05x 107"

fragility curves only account for the record-to-record uncertainty
(Brrr)- Modelling uncertainty (5,,) was incorporated into the
lognormal standard deviation of the collapse fragility curves in
Figure 14b (B;), as shown in Equation (3), leaving the median
unchanged. A value of 0.45 was chosen to represent §,, based
on the recommendations of Liel et al. [46]. The revised collapse
fragility curves are illustrated in Figure 14b.

Br =1 (ﬁRTR)Z + (BM)Z 3

The parameters defining the collapse fragility curves obtained
using all three models are summarised in Table 4. The 2D
model produced the highest median collapse capacity (6) estimate
(2.24 g), followed by the 3D Planar model (1.45 g), and the
3D Spatial model (1.37 g). In comparison to the 2D model,
the 3D Planar model exhibited a 35% reduction in 6, primarily
due to gusset plate buckling. The 3D Spatial model demon-
strated a further 5% reduction in 6 compared to the 3D Planar
model, attributed to bidirectional loading, but this difference is
statistically insignificant.

The seismic hazard curve for the site computed by Yeow et al.
[35] is illustrated in Figure 14b. The mean annual frequency
of collapse (4.) for the case study building was estimated by
integrating the product of the derivative of the hazard curve
and each fragility curve. The A, values estimated using the three
models are summarised in Table 4. The performance objectives
outlined in NZS 1170.5 (2004) require the A, of the case study
building to lie within the code-specified limits of 107 to 10™*. The
A. estimated by the 2D model is 0.76 X 10", which falls within the
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FIGURE 14 | (a) Collapse fragility curves derived from MSA results; and (b) modified collapse fragility curves including modelling uncertainty.

code-specified limits. The A, estimated by the 3D Planar model,
however, is 1.96 x 10~*, which exceeds the allowable range and
is almost 150% greater than the estimate from the 2D model.
This increase in collapse risk is mainly attributed to gusset plate
buckling. The 4, estimated by the 3D Spatial model is 4.5% greater
than that of the 3D Planar model and 170% greater than that of
the 2D model. Compared to the difference in 4, estimated by the
2D and 3D Planar models, the difference between A. estimated
by the 3D Planar and 3D Spatial models is negligible. Hence,
the influence of bidirectional loading on A, is considered to be
insignificant. These observations are based on the limited gusset
plate slenderness ratios, thicknesses and brace configurations
considered in this study. Further studies investigating these
parameters are recommended to better understand the influence
of bidirectional loading on gusset plate performance.

It should be noted that the 2D model consists of pin-connected
gravity columns, which are representative of conventional mod-
elling practice in research, whereas they were modelled as
continuous columns in the 3D models to reflect their actual
behaviour. Continuous gravity columns are known to redistribute
drifts, potentially leading to a marginal increase in the structure’s
collapse capacity. Including this effect in the 2D model would
marginally increase its collapse capacity and reduce the observed
difference in collapse risk estimates between the 2D and 3D
Spatial models, which currently stands at 170%. Although the
design spectrum is conservative compared to the expected hazard
(shown in Figure 10), gusset plate buckling still occurred, leading
to an increased collapse risk. In regions where the code spectra
are less conservative than those in New Zealand and the gusset
plate design is similarly unconservative, the impact of gusset plate
buckling on collapse risk is expected to be even more pronounced,
potentially exceeding the 170% increase estimated in this study.

The observations from this study, conducted using a four-storey
steel BRBF building, indicate that gusset plate buckling influ-
ences the structural response primarily at high seismic intensity
levels and, therefore, is expected to affect collapse risk evalu-
ation and scenario-based losses at these high intensity levels.
A non-simulated collapse criterion, applied in post-processing
by classifying all simulations with SDRs exceeding a defined

threshold as collapse cases, may be employed with the 2D
model. However, this threshold, which is the SDR at gusset
plate buckling, is sensitive to multiple factors, including brace
configuration (e.g., super-X, chevron or diagonal), beam torsional
stiffness in super-X and chevron configurations and gusset plate
properties such as the thickness, slenderness ratio and yield
strength. Developing such a collapse criterion would require a
broad set of case study buildings that capture variability in these
parameters, along with statistical models to predict gusset plate
buckling drift ratios, given these parameters. Once such robust
criteria are established, reliance on the computationally intensive
3D models proposed in this study may no longer be necessary.

7 | Conclusion

This study proposed a novel macro-modelling approach to cap-
ture the out-of-plane buckling of gusset plates in BRBF buildings.
A case study four-storey steel BRBF building was designed in
accordance with New Zealand seismic design standards, sup-
plemented by guidance from practising engineers and modelled
using the proposed approach. This model was subjected to both
static pushover and dynamic analyses. The results indicate that
the BRB gusset plate design method prescribed in NZS 3404 is
unconservative in nature, with the code-prescribed procedures
consistently predicting larger capacities than those observed in
the analyses.

The drift capacity of the building inferred from the static pushover
analysis decreased from 10% to 3.6% due to gusset plate buckling.
Minimal influence of gusset plate buckling was observed on the
global dynamic response of the building up to the 2500-year
return period intensity level. Beyond this intensity level, though,
gusset plate buckling led to an average 15% decrease in gusset
plate strength ratio and a 20% increase in peak SDR. Assuming a
residual SDR threshold of 0.5% for demolition, the results indicate
that the likelihood of building demolition is 15% at the 500-year
return period intensity level, increasing to 50% at the 2500-
year return period intensity level. Finally, gusset plate buckling
increased the mean annual frequency of collapse from 0.76 x 10~*
to 1.97 x 10™*, which is 97% above the code-specified maximum
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limit of 10™*. Bidirectional loading was found to have minimal
impact, further increasing the collapse risk by only 4.5%, to 2.05 X
10~*. Of the buckled gusset plates, 10% were corner plates and
90% were mid-span plates, indicating that mid-span plates are
more prone to buckling. These results emphasise the need for
a better gusset plate design approach that effectively mitigates
out-of-plane buckling, particularly of mid-span gusset plates.

Of the three types of models developed in this study, the 3D
Spatial model offers a cost-effective alternative to 3D continuum
models for global seismic performance assessment of BRBF
buildings. For even greater efficiency, the 3D Planar model, which
employs a few additional simplifying assumptions, serves as a
viable substitute for the 3D Spatial model for analysis under
unidirectional loading, as it consumes 37% fewer resources than
the 3D Spatial model. For assessing BRBF performance up to
the design intensity level though, conventional 2D models are
sufficient. Since no significant bidirectional interaction effects on
gusset plate performance were observed, the 3D Planar model
is recommended for evaluating structural performance beyond
the design intensity level. If gusset plate buckling is mitigated
through future improvements to the design procedure, all three
models should yield similar results. In this case, the conventional
2D model would be recommended at any intensity level due to its
simplicity and computational efficiency.
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