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ABSTRACT

This article numerically examines the seismic stability of mid- and high-rise steel eccentrically braced frames (EBFs) and
buckling-restrained braced frames (BRBFS) when subjected to ground motions from earthquake events contributing to the
seismic hazard in Vancouver, BC. The study is conducted for 10-, 20-, 30-, and 40-storey prototype office buildings designed
with two distinguished approaches to mitigate P-delta effects: 1) Lateral strength amplification as currently specified in the
CSA-S16 standard 2) Braced frames coupled with a secondary single eccentric brace-beam assembly designed to remain elastic
up to the design storey drift and provide a positive storey shear stiffness that overcome the negative storey shear stiffness due
to P-Delta effects and ensure stable seismic response upon yielding of the main braced frame system. Nonlinear response
history analyses (NLRHA) are conducted on the prototype buildings to obtain peak and residual and inter-storey drifts resulting
from both design approaches. For reference, NLRHA is also performed on the same frame without considering P-Delta effects
in the analyses. The study shows that the current strength amplification approach of CSA S16 is not sufficient to mitigate global
instability, as it leads to the several occurrences of structural collapse or excessive drift, especially under the long-duration
ground motions from interface subduction earthquakes. This behaviour was observed for both the EBF and BRBF buckling
systems. On the contrary, all EBFs and BRBFs designed with the single eccentric-beam brace secondary system sustained peak
inter-storey drifts identical to those obtained for the reference frames for which NRLHA without P-delta effects was performed.
Furthermore, the residual storey drifts obtained for all frames were within repairability limits.

Keywords: Seismic stability, P-delta effects, EBF, BRBF, Secondary storey shear stiffness.

INTRODUCTION

Eccentrical steel braced frames (EBFs) and Buckling-restrained steel braced frames (BRBFS) rely on ductile inelastic storey
shear deformation to dissipate seismic energy. Considering the seismic component only, low-rise EBFs and BRBFs designed
respecting the elastic modal properties demonstrate a favourable close-to-uniform inelastic storey drift distribution along the
building heights, given the stable and close-to-symmetric response of their ductile elements under cyclic loading that involves
no brace buckling [1-6]. However, incorporating gravity loads introduces additional second-order storey shear force demand
(i.e., P-delta) that reduces the energy dissipation capacity and disturbs the uniformity of drift distribution, leading to excessive
drifting or global instability [7-11]. Taller buildings are more vulnerable to P-delta effects as they carry more substantial gravity
loads and undergo more complex lateral deformations in the inelastic range that involves higher modes. The characteristic of
the seismic excitation also affects the seismic stability of steel-braced frames. Recent studies [12-19] have shown a higher
tendency of P-delta caused drift concentration under the long-duration Subduction Interface earthquakes, a dominating seismic
source contributor in the long-period range to the Western Canada Uniform Hazard Spectrum [20].

Two distinguished approaches are proposed in the literature to mitigate P-delta effects: the Lateral storey shear-strength
amplification approach and the Lateral storey shear-stiffness incorporation approach. In the first approach, the ductile elements
of EBF and BRBF are sized to develop lateral storey shear beyond the Uniform Hazard Spectrum design requirements and
yield at amplified strengths that account for the reduction in the lateral storey shear strength capacity imposed by the P-delta
effects. Figure 1a illustrates the approach utilizing an elastic perfectly-plastic SDOF system. Researchers [21-27] developed
methods to quantify the strength amplification factor based on SDOF oscillators; however, the challenge was estimating the
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inelastic deformation. Although this estimation might be sufficiently accurate in single-mode SDOF systems, Adam, Ibarra and
Krawinkler [28] reported that it is meaningless to estimate the storey drift of MDOF systems under seismic excitations, given
the complexity of the inelastic multi-mode deformed configuration.

Contrarily, in the Lateral storey shear-stiffness incorporation approach, the ductile elements of the EBF and BRBF are designed
respecting the Uniform Hazard Spectrum; however, incorporating a secondary lateral storey shear stiffness (k’s) tuned at every
storey to develop positive post-yielding storey stiffnesses to cancel the negative slope of P-delta (i.e., P/hs), and thereby
annihilating P-delta effects. Furthermore, providing secondary stiffness that exceeds the negative slope of the P-delta introduces
self-centring capabilities, as illustrated in Figure 1b.
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Figure 1. P-delta mitigation approaches: (a) strength amplification approach, (b) secondary stiffness approach.

Hariri and Tremblay [18] validated this approach utilizing a fictitious source of secondary storey shear stiffness using 12
prototype buildings. The validation involved three distinguished seismic force-resisting systems, EBFs, BRBFs, and bolted-
end friction-braced systems (FBFs). The total height of the buildings ranged from 40 m to 160 m. The study concluded that
incorporating a source of positive secondary storey shear stiffness equal to the negative stiffness of P-delta on a storey-by-
storey bases annihilates P-delta effects, providing that the secondary stiffness source maintains the stiffness for storey drifts
adequate for the energy dissipation process. The study outlined this drift by 2.5% of storey height for the 10- and 20-storey
buildings and 2% for the 30- and 40-storey prototype buildings. It is critical to mention that incorporating secondary storey
shear stiffness varies from the strongback systems. The SFRS in the latter system involves adding a substantially lateral-stiff
mast to prevent storey drift concentration by distributing non-first modal drifts to adjacent storeys. However, this substantial
lateral stiffness triggers unfavourable higher mode that limits the application of strongback systems in tall buildings [13].
Contrarily, the lateral secondary storey shear stiffness in the former systems is relatively small as it only intends to cancel the
second-order P-delta storey shear forces. Moreover, Hariri and Tremblay [29] reported that the secondary lateral storey shear
stiffness within the range of P-delta annihilation imposes a neglectable change in SFRS base shear.

The challenging task in this approach, however, is replacing the fictitious source of secondary storey shear stiffness with a
genuine one applicable in steel-braced frames. Tremblay [17] proposed a system referred to herein as E-FBF that utilizes the
flexural stiffness of the braced frames’ beams as a source of post-yielding secondary storey shear stiffness. E-FBF uses the
classical inverted-V bracing configuration after replacing one energy-dissipative brace with a conventional one designed to
remain elastic. Upon energy dissipative brace yielding, the elastic brace applies an unbalanced load on the beam and creates
the intended positive stiffness. Tremblay validated the proposed system using bolted-end friction energy dissipation braces,
then extended its application to buckling restrained braced frames (i.e., E-BRBF) [14]. Figure 2 illustrates the secondary
stiffness development mechanism in E-BRBFs by comparing its ideal monotonic pushover response with a conventional BRBF.

This article numerically assesses the adequacy of the two P-delta effects mitigation approaches utilizing eight prototype
buildings. The study involves examining the seismic stability of 10-, 20-, 30-, and 40-storey steel eccentrically braced frames
(EBF) and buckling-restrained braced frames (BRBF). The seismic force resisting systems (i.e., SFRSs) in this article are
designed per the two distinguished P-delta effects mitigation approaches. The Lateral strength amplification per currently
specified in the CSA-S16 standard (Design A) and the Lateral storey shear-stiffness incorporation approach (Design B). The
secondary storey shear stiffness in the latter is applied using a single eccentric brace-beam assembly. The assembly’s
configuration is derived from the E-FBF and E-BRBF systems. The assessment involves monitoring the peak inter-storey drifts
and residual storey drifts using nonlinear response history analyses (NLRHA) conducted under seismic excitations from
earthquake events contributing to the seismic hazard in VVancouver, BC. (i.e., Crustal, In Slab, and Subduction Interface). For
reference, NLRHA is also performed on the same SFRS-only frames without considering P-Delta effects in the analyses
(Design C).
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Figure 2. (a) Conventional BRBF, (b) E-BRBF system proposed by Tremblay [17].

P-DELTA EFFECTS MITIGATION APPROACHES
Lateral strength amplification approach

This article adopts the CSA-S16 [30] strength amplification approach, where lateral storey shear strengths are amplified using

the U, factor. Eq. (1) illustrates the amplification factor, where V is the original (non-amplified) storey shear calculated per the

design spectrum. A is the first-order elastic storey drift under storey shear V. Ry is the ductility adjustment factor, and hs is

storey height. It is important to mention that CSA-S16 requires the amplification to be applied using Eqg. (1) if it exceeds 1.10.
and requires modifying the design if the amplification factor exceeds 1.4.

uU,=1+ R,A
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Lateral secondary storey shear stiffness approach

SFRSs (i.e., EBFs and BRBFs) in this article incorporate the secondary lateral storey shear stiffness using a single eccentric
brace-beam assembly constructed in a bay separate from the SFRS. The system utilizes the beams’ flexural stiffness as a
secondary storey shear stiffness source. During storey drifting, the single bracing configuration imposes an unbalanced load on
the beam creating the intended stiffness (Fig. 3). This mechanism is derived from the E-FBF and E-BRBF proposed by
Tremblay [17]; however, the single eccentric brace-beam assembly has a broader application, where it is not limited to BRBFs
or FBFs and can be implemented to mitigate P-delta effects in most steel seismic force resisting systems providing that a rigid
diaphragm is designed to transfer the load between the main SFRS and the eccentric beam-brace assembly.
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Figure 3. BRBF incorporating the single eccentric brace-beam assembly.
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DESIGN OF PROTOTYPE BUILDINGS

Description of studies buildings

This article considers eight prototype office buildings. 10-, 20-, 30-, and 40-storey, located on soil Class C in Vancouver, BC.,
and designed using two distinguished SFRS, EBF and BRBFs. The buildings are five bays at 9 m with a symmetrical layout.
The storey height is constant (4 m) except for the first storey (4.5 m). The SFRSs in the 10-storey and 20-storey EBF utilize
frames with single-braced bays, while SFRS in the 30-storey and 20-storey BRBF utilize frames with double-braced bays. The
40-storey EBF and BRBF utilize triple- and four-braced bays, respectively. Eccentrically braced frames use 650 mm continuous
beam link elements for the 10-, 20-, and 30-storey and bolted-ends modular link elements with the same length for the 40-
storey. A classical inverted-V Chevroned bracing scheme is used for the BRB frames with low-strain hardening steel-restrained
buckling-restrained braces (i.e., stability-critical braces [31]). Figure 4 illustrates the building layout, and SFRSs bracing

configurations.
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Figure 4. Samples of studied prototype buildings.

Seismic design requirements

The National Building Code of Canada (NBC) [32] stipulates calculating the base shear (V) as a fraction of the total seismic
weight (W) as per Eq. (2). Where S represents the spectral acceleration calculated using the 2% in 50 years Uniform Hazard
Spectrum at T, period. T, represents the minimum of the dynamic period and 0.05h,, where h, is the total building height. R,
Rq, I, and My are, respectively, the overstrength, ductility, importance, and higher-mode adjustment factors. A minimum base
shear cut-off (Vmin) is stipulated by the NBC for frames with fundamental periods exceeding 2 sec. The base shear calculated
per Eq. (2) can be reduced by 20% for regular structures when comparing with the base shear calculated using the Response

Spectrum analysis to choose the greater as the design base shear.

S IctMW
V = L >V 2)
Rd R0
SFRSs in this article are designed respecting the 2% in 50-year Uniform Hazard Spectrum of VVancouver, BC. using ductility,

importance, and higher mode factors of 4, 1, and 1, respectively. The overstrength adjustment factors are 1.5 in EBFs and 1.2
in BRBFs. The design is carried out using Response Spectrum analysis. The structural non-ductile members of the braced
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frames are designed respecting the capacity design principles stipulated by NBC with probable to nominal adjustment factors
of 1.3 in EBFs and 1.4, 1.1 for tension and compression in BRBF, respectively. Figure 5 presents the design spectrum and plots
the design accelerations of the studied buildings in both Designs (i.e., A and B).
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Figure 5. Design spectrum and buildings’ modal periods and design accelerations.
P-delta effects mitigation

This article considers two designs for each set of eight prototype buildings to assess the two distinguished P-delta mitigation
approaches. Design A employs the CSA-S16 [30] lateral storey shear strength amplification approach, where yielding strengths
of the SFRS ductile elements are amplified using the U, factor described in Eg. (1). SFRS in Design B incorporates the
secondary lateral storey shear stiffness utilizing the single eccentric brace-beam assembly while maintaining the original (un-
amplified) storey yielding strengths. The beams in the secondary stiffness assembly of Design B are tuned along buildings’
heights to develop positive storey shear stiffness equal to the storey negative stiffness of P-delta (i.e., ZP/hs), where XP is the
total storey gravity load, and hs is storey height. As recommended by Hariri and Tremblay [29], the source of secondary stiffness
is designed to maintain the secondary storey shear stiffness for storey drift limits in the range of 2.5% hs in the 10- and 20-
storey buildings and in the range of 2.0% hs in the 30- and 40-storey buildings. To fulfil these requirements, a double-bay with
a single eccentric brace-beam assembly is used for the 10- and 20-storey buildings and a single concentric one is used for the
30- and 40-storey buildings. Equations that govern the design are illustrated in Hariri and Tremblay [29]. Figure 6 demonstrates
the first storey of the secondary storey shear stiffness design configurations. It is critical to mention that this study ignores the
CSA S16 stability-related BRB height limitation (i.e., 40 m).
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Figure 6. Eccentric beam-brace assembly: (a) 10-storey, (b) 20-storey, (c) 30-storey, (d) 40-storey.
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MODELLING OF PROTOTYPE BUILDINGS

SFRSs in Designs A, B, and C are modelled in the OpenSees platform [33]. The developed models represent half portions of
the prototype buildings given the symmetric layouts. The ductile elements of the EBF frames are modelled using link elements
with axial, flexural, and shear stiffnesses, as illustrated by Hariri and Tremblay [18]. BRB elements in BRBFs are modelled
using truss elements with a 1.5 amplified axial stiffness to represent the stiff end connections of the BRBs [34]. Calibrated
Giuffré-Menegotto-Pinto material (i.e., steel02) is assigned to EBF link elements, and the calibrated Zsarndczay [35] (i.e.,
steel4) material is assigned to BRBs. SFRSs’ beams are pin-ended, and columns are spliced continuously every two storeys.
Beams, columns, and bracing members are modelled using multi-element nonlinear beam columns utilizing fibre sections with
four integration points. Initial imperfection per CSA-S16 and the residual stresses per Galambos and Ketter [36] are modelled
for all SFRS W-section members. Inelastic steel02 material with default parameters is assigned to the SFRSs’ non-ductile
structural members. Gravity loads in Designs A and B are simulated using an axially-stiff leaning column constrained with the
SFRS braced bays at every storey using single-node pinned constraints. Masses are lumped at storey levels and assigned to
leaning columns. Structural members of the secondary storey shear stiffness source in Design B (i.e., single-eccentric braced
bays) are modelled using the same assumptions; however, columns are pinned-spliced every storey. Current-step stiffness- and
mass-proportional damping is considered using a 3% damping coefficient. Figure 7 illustrates the 10-storey BRBF model.

[N

Iy

g

Iy

o

Ip

o

Iy

o

_— NL BeamColum
9y

Pimned leaning column

@ ————  Trmss element (BRB)
i

o

Diaphragm link
X Diaphragm node
% Iy
o Moment release node
Qo @® Total storey mass
c
Secondary stiffness frame
(Design B)

| 1 o e e e )

Iy
e

Pc Column storey gravity
load

—
~

Qv Beam dist. load
W P Total storey gravity load
LA Designs A & B
— — — — ——
Secondary stiffness frame Legend

SFRS
(10-storey BRBF) (Design B only)
Figure 7. 10-storey BRBF modelling layout.

Ensembles of 33 historical ground motions are selected and scaled for each building utilizing an automated tool [37] to match
the Uniform Hazard Spectrum of VVancouver, BC., as per NBC [38]. The scaling is carried out using scenario-specific period
ranges utilizing three suites of 11 ground motions representative of the seismic sources of Vancouver (i.e., Crustal, In Slab, and
Subduction Interface) as disaggregated [20]. Figure 8 illustrates a sample ensemble of scaled records. NBC defines the Seismic
Demand curve (SD) as the largest mean response of the three suites” means, and the maximum acceptable peak inter-storey
drift to be 2.5% of storey height. This study considers a termed repair-limit residual drift of 0.5% of storey height.
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Figure 8. 10-storey EBF ensemble of scaled motions.
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RESPONSE HISTORY ANALYSIS

Figures 9 and 10 present the nonlinear response history analysis peak inter-storey drift ratios as a percentage of storey height
in Designs A, B, and the reference design (i.e., Design C) for EBF and BRBF prototype buildings, respectively. The figures
reveals that the conventionally-designed SFRSs (i.e., Design A) were insufficient to mitigate P-delta effects where the SD drift
curves (i.e., Seismic Demand curve) exceeded the maximum drift allowed by the design code (i.e., 2.5%hs) in most of the
studied buildings. More specifically, Peak inter-storey drift mean-curves under the Crustal (i.e., Suite 1) and the Inslab (i.e.,
Suite 2) motions were within the code-imposed acceptable criteria; however, collapse or excessive drifts occurred explicitly
under the Subduction Interface suite of ground motions (i.e., Suite 3). It is noticeable that the SD curve in the 30- and 40-storey
prototype buildings demonstrate improved performance, this however, is attributed to the 2 s base shear cut-off imposed by the
design code. Contrarily, peak inter-storey drifts in Design B demonstrated more uniform drift distribution and respected the
maximum drift limitation. Compared with the reference no P-delta analysis, peak inter-storey drifts in Design A diverged
significantly while close-to-identical responses were obtained in Design B.

(@)

Level
w

Level
w

Level
o

Peak Inter-Storey Drift (%hs)

20

20

30

4=

m i i

6

0 2 4 6

Peak Inter-Storey Drift (%hs)

L

0 2 4 6

Peak Inter-Storey Drift (%hs)

Individual record
Mean Suite |
Mean Suite 2
———Mean Suite 3

v= =50 curve

=== =NBC limit

Jri

Peak Inter-Storey Drift (%hs)

Peak Inter-Storey Drift (%hs)

2 4 6
Peak Inter-Storey Drift (%hs)
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Figures 11 and 12 present the residual inter-storey drifts ratios for EBF and BRBF prototype buildings, respectively. The drifts
are measured at the end of 10 s free vibration response following each seismic excitation. The figures demonstrate that
conventionally designed SFRS (i.e., Design A) developed unrepairable residual mean drifts despite the type of seismic
excitation (i.e., Crustal, In Slab, or Subduction Interface). Contrarily, prototype buildings that utilize the secondary storey shear
stiffness (i.e., Design B) resulted in repair limit residual mean drifts (i.e., <0.5%hs). Similar to peak-inter storey drifts, maximum
residual drifts in Design A significantly diverged from the reference no P-delta analysis case (i.e., Design C). Contrarily,
incorporating secondary storey shear stiffness resulted in a close-to-identical maximum residual storey drifts to the case of no
P-delta analysis (i.e., Design C).
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Figure 12. BRBF residual drifts: (a) Design A, (b) Design B, (c) Design C.

CONCLUSIONS

This article assessed the adequacy of the lateral strength amplification approach and incorporating the secondary shear stiffness
approach in mitigating P-delta effects utilizing eight prototype buildings. The study examined the seismic stability of 10-, 20-,
30-, and 40-storey steel eccentrically braced frames (EBF) and buckling-restrained braced frames (BRBF) using nonlinear
response history analysis under seismic excitations representative of the Uniform Hazard Spectrum of Vancouver, BC. (i.e.,
Crustal, In Slab, and Subduction Interface). To fulfill the requirements of the first approach, the yielding strengths of the EBFs
and BRBFs ductile elements were amplified as currently specified by the CSA S16 standard. In the second approach, un-
amplified yielding strengths were used; however, after incorporating lateral secondary storey shear stiffness utilizing single
eccentric brace-beam assembly. The assembly is designed to develop positive lateral storey shear stiffness equal to the negative
storey shear stiffness due to P-Delta effects and maintains this stiffness for drifts adequate to dissipate the seismic energy to
ensure stable seismic response upon yielding of the SFRS system. The article found that code-imposed seismic design
provisions were adequate to ensure stable performance and uniform drift distribution, as well as repair-limit residual drifts
considering the seismic component only. However, introducing the second-order P-delta effects revealed that the lateral
strength amplification approach adopted by the design code was insufficient to mitigate P-delta effects where excessive drifts
and global instability occurred, especially under the Subduction Interface seismic excitations, in addition to resulting in
significant exceedance of the repair limits residual drifts under the considered three seismic recourses. Contrarily, incorporating
lateral secondary storey shear stiffness developed mitigated P-delta effects, where responses were comparable to those obtained
using the reference no P-delta analysis.
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