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This work summarizes the results of a series of nonlinear dynamic finite element analyses devoted to
assess peculiar aspects in the seismic response of high-rise mega-frame prototypes with outriggers
and belt trusses. Thirty- and sixty-storey planar frames, extracted from reference three-dimensional
structures composed of an internal symmetric braced core, were designed in accordance with
European rules. The core consisted of a concentrically braced frame system, while outriggers were placed
every fifteen stories to limit inter-storey drifts and second order effects. Numerical models able to
account for material and geometric nonlinearities were developed within an open source platform, using
inelastic force-based fibre elements to model structural members and mechanical idealizations to repro-
duce the behaviour of bolted beam-column and welded gusset-plate connections. Out-of-plane imper-
fections were explicitly included in the braces to allow for potential buckling mechanisms in both
braces and gusset plates.

Nonlinear time history analyses (NLTHAs) were performed, in comparison with response spectrum
analysis (RSA), aiming to quantify the potential of such systems, when included in the lateral-force resist-
ing system of modern high-rise moment resisting frames (MRFs). Global and local performance were
investigated in terms of inter-storey drift and acceleration peak profiles, shear and bending moment
demands, as well as axial force-displacement curves and static-to-seismic load ratios in critical braces
at different floor levels. Sensitivity to the structure height was explored comparing the responses of
the two prototypes. Trends were discussed to show that, if accurately designed and detailed in light of
capacity design principles and performance-based design concepts, these systems provide an optimum
combination of stiffness and strength.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

ings, tall mega-braced frame systems present several distinctive
characteristics in their behaviour and peculiar aspects in their

The growing use of high-strength materials and advanced con-
struction techniques, in combination with urbanization needs, has
led a significant increase in the number and variety of high-rise
structures, causing these super-tall buildings with mega-frame
systems to have a larger and larger impact on economy and society
[1-3]. Such modern and more flexible buildings have complicated
structural systems consisting of hundreds of different components,
including those with complex features and large dimensions [4-7],
and their increasing height poses challenges for seismic design in
terms of stiffness, strength and stability, particularly in areas of
high seismicity. When compared to medium- and low-rise build-

* Corresponding author. Tel.: +39 0382 5169893; fax: +39 0382 529131.

E-mail addresses: emanuele.brunesi@eucentre.it (E. Brunesi), roberto.
nascimbene@eucentre.it (R.  Nascimbene), lorenzo.casagrande@eucentre.it
(L. Casagrande).

T Tel.: +39 0382 5169827; fax: +39 0382 529131.
2 Tel.: +39 0382 5169903; fax: +39 0382 529131.

http://dx.doi.org/10.1016/j.engstruct.2016.02.019
0141-0296/© 2016 Elsevier Ltd. All rights reserved.

design, such as long periods and higher mode effects [1-15]. If
strength criteria are usually dominant factors in the design of
low-rise structures, stiffness and stability may often govern the
design process when building height increases. To ensure safe
and economic design, construction and operation under various
extreme loading conditions in particular during earthquake events,
detailed studies are required to predict their response, being the
majority of current seismic Standards often unsuitable for them
[16-18]. In addition, scaled shaking table tests [19,20] are at the
moment promising analysis techniques for research applications
but they are not so easily applicable for design office use. There-
fore, high-definition or simplified finite element (FE) idealizations
still represent an attractive tool to explore the seismic performance
of these complex structural systems, as shown by a number of
research efforts available in literature on that subject [1-15]. If
early studies [9-15] introduced simplifications in either numerical
modelling or analysis technique, significant improvements have
been more recently achieved [1-8].
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Generalized hand-methods [11] and highly efficient random
vibration algorithms [10] have been developed to investigate the
dynamic properties of irregular high-rise systems in linear fashion.
Classical lumped-plasticity approaches [9,13-15] have been exten-
sively examined to propose pushover procedures for seismic
response assessment of tall buildings. Simplified lumped-
parameter analytical models, developed along the lines of equiva-
lent single- or multiple-vertical-line-element solutions [12] have
been integrated in an analytical framework for seismic fragility
analysis of high-rise structures. Different design strategies, pre-
pared according to stiffness- and strength-based criteria, have been
discussed for diagrid and secondary bracing systems [4-7] using
the results of static analyses, with and without P-A effects, which
were carried out under factored gravity and wind loads. In these
studies [4-7], linear elastic simulations were conservatively
performed assuming beam-to-column joints and diagonal-
to-diagonal connections to behave as perfectly pinned systems.
“Ad hoc” constitutive laws for concrete filled steel tube columns
of super-tall buildings have been validated by experimental obser-
vations and then implemented in more refined fibre-beam and
multi-layer shell models [1-3] using general-purpose commercial
FE codes.

In light of this scenario, the present paper details and discusses
a modelling procedure for large scale implicit nonlinear dynamic
simulation of mega-frame systems composed of a concentrically
braced frame (CBF) core and outriggers/belt trusses which are
combined to resist vertical and earthquake-induced lateral loads.
To this aim, this study combines the force-based fibre element
[21,22] with the open FE platform OpenSees [23], integrating
detailed modelling approaches able to reproduce the cyclic beha-
viour of key structural components, such as bolted and gusset-
plate connection systems, in a geometrically and materially non-
linear transient dynamic analysis. First, two reference prototypes,
the prevailing geometric characteristics of which are summarized
in the following, have been designed in medium ductility class
(DCM) according to current European prescriptions (i.e. EC8
[24]), using response spectrum analysis (RSA), and then fibre-
based FE models have been prepared to examine their nonlinear
dynamic behaviour, using a set of natural ground motions scaled
to obtain displacement spectrum compatibility in accordance with
EC8 requirements [25,26]. Hence, global inter-storey drift and
acceleration peak profiles, as well as shear and bending moment
demands, are collected and their average is compared with the
results determined by RSA in order to highlight design criticalities
in current seismic Code provisions [24], when applied to flexible
high-rise structures specifically designed for medium/low dissipa-
tive behaviour. Finally, the local response of these two case-study
buildings is discussed in terms of hysteretic behaviour of critical
braces and peak compressive loads experienced by the outriggers
during nonlinear time history analyses (NLTHAs). This study will
serve as a reference for earthquake-resistance design/analysis of
super-tall buildings of similar type.

2. Structural nonlinear dynamic analysis

Nonlinear response history analysis is a robust and effective
tool to dynamically determine seismic demands, as well as to iden-
tify plastic hinge mechanisms in structures. Conversely, pushover
analysis suffers from several inherent deficiencies and limitations
[27,28] (e.g. invariant load distribution in traditional approaches,
inability to safely account for higher-mode effects in more recent
modal or multimodal adaptive solution procedures [28-31], uncer-
tainties in the combination of different modal contributions,
underestimates of plastic rotations in hinged sections [29,31,32]).
As a result, nonlinear dynamic analysis has currently become a

favourite technique for building evaluation and design verification
of high-rise moment resisting frames (MRFs) [1-3], with rapid
developments in computer technology and computational
algorithms.

Even though detailed brick- or shell-based FE models, com-
monly used in seismic analysis of steel and reinforced concrete
structural systems and components [33-42], give more insight
than equivalent mechanical idealizations, being able to reproduce
their local response in terms of stress/strain concentrations, the
computational time increases tremendously, requiring necessarily
to take advantage of parallel processing on multiprocessor com-
puters. Despite its accuracy and multipurpose potential, a detailed
approach, using conventional 3D or 2D elements [33-42] or
advanced beam/plate theories [43-54], is currently almost unfeasi-
ble if the response of an entire mega-frame system has to be
investigated, particularly in a dynamic fashion. Higher-order for-
mulations or onerous and complex meshes, consisting of 2D or
3D elements combined with contact or interface algorithms, are
able to simultaneously account for many interacting sources of
nonlinearity (e.g. plasticity, instability, slippage and thermome-
chanical coupling) in a phenomenological sense, but they imply a
high level of complexity and computational effort.

By contrast, the complex contribution of bolted [35-38,55-57]
and welded [33,34,58,59] joint systems can be easily incorporated
into classical fibre force-based [60]| FE models, able to represent the
interaction amongst connection components in an equivalent
manner. Therefore, mechanical representations have been
assumed in this research to include global response and potential
failure mechanisms of these widely used systems, as discussed
later on. In particular, the prevailing assumptions concerning mod-
elling approach and simulation techniques will be given in the fol-
lowing, after a brief description of main geometric characteristics
and mechanical properties of the thirty- and sixty-storey planar
frames examined. Finally, details of the seismic input selected to
perform the series of NLTHAs and RSAs, the results of which are
shown in the following section, will be provided.

2.1. Description of case-study structures

The two prototype thirty- and sixty-storey 6 x 6-bay buildings
analyzed in this work, namely HR-01 and HR-02, are extracted
from reference three-dimensional structures designed for high
seismicity (i.e. PGA=0.40g) in accordance with current
European seismic prescriptions [24]. Soil class C (i.e. 180 m/s
<V;<360m/s) is assumed to perform the design by a series of
RSAs on three-dimensional models (see Fig. 1), including vertical
seismic component, second order effects and accidental eccentric-
ity of the seismic masses. SAP 2000 program [61] is used in the ini-
tial analysis and design of the two buildings. As depicted in Fig. 2,
where a schematic of plan and elevation is provided, the lateral-
force resisting system (LFRS) of each high-rise mega-braced
frame-core building consists of an internal CBF core, with outrig-
gers placed every fifteen stories in order to limit inter-storey drifts
and second order effects. The central 16 x 16 m braced core is
symmetrically arranged in both longitudinal and transverse direc-
tions and it is connected to HD columns via one-storey high belt-
trusses consisting of in-floor braces and vertical trusses. Hence,
this hybrid dual system, composed of bracing, outriggers, and belts,
provides lateral stability, redistribute loads if some members are
damaged by unforeseen circumstances and maximizes the spaces
inside the building. Medium ductility class (DCM) according to
EC8 provisions [24] is considered to carry out the design process
and the behaviour factor (q) selected for V bracing systems is con-
servatively assumed to be equal to 2, as specified in 6.3 of EC8 [24].
This value is then reduced by 20% in order to account for the
irregularity in elevation of both structures, as discussed in the
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Fig. 1. Schematic of three-dimensional case-study buildings. Note: the bracing system of the core in transverse direction is hidden in this render view for easiness and

readability of the primary LFRS studied by NLTHAs.
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Fig. 2. Geometric characteristics and structural scheme of reference thirty- and sixty-storey planar frames.

following. Accordingly, the complete quadratic combination (CQC)
scheme is chosen to conduct the RSA shown in Section 3.

The two structural layouts investigated are symmetrical in plan
and their centre-to-centre square plan dimensions are 48 x 48 m
at any floor, with a column spacing (S) of 8 m in both longitudinal
and transverse directions. The columns have a constant inter-
storey height (H) of 4 m, thus implying a total building height of
120 m and 240 m for HR-01 and HR-02, respectively. Dead and live
loads are assumed to be 2 kN/m? and 4 kN/m?, respectively. In
addition, the self-weight of floor structure, internal partitions and
external claddings are included in design process and FE analyses.
The horizontal load due to wind pressure has been calculated
according to ASCE-7 05 provisions [62], considering a basic wind

speed equal to 37 m/s (84 mph). Assuming the buildings to be sus-
ceptible to overcrowding, vertical gravity loads in seismic combi-
nation conservatively consist of the dead loads and an allowance
of 60% of live loads. The seismic masses at all floor levels of each
planar frame prototype are chosen to be equal and to be applied
on the beams, which are discretized using a one-to-six correspon-
dence between structural members and model elements. To deter-
mine nodal masses and inherent point loads, the slabs are
supposed to be unidirectional.

As mentioned, Figs. 1 and 2 show isometric, plan and elevation
views of the super-tall buildings under study, presenting their
structural scheme, while Table 1 summarizes their overall geome-
try and vertical design loads. In Table 2, member sizes and
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Table 1
Case study mega-braced frame-core buildings: overall geometry and design loads.

Overall MRF geometry Design loads
[kN/m?]
H [m] # Floors [-] S [m] # Bays [-] Dead Live
HR-01 4 30 8 6 x6 2 4
HR-02 4 60 8 6x6 2 4

mechanical properties adopted for beams, outriggers, columns and
braces at different floor levels are collected. In detail, beams IPE
400 are used for the framing floor structure of both prototype
buildings at any floor, while HD 400 x 634 and HD 400 x 1200
tapered profiles are assumed for the first five and twenty columns
of HR-01 and HR-02, respectively. Similarly, braces HSS 300 x 20
and HSS 400 x 20 are provided in the first five and ten stories for
HR-01 and HR-02, respectively. HD 400 x 314 profiles are selected
to compose the outrigger members of both structures. Both brace
and column sizes are designed to decrease along the height of
the two super-tall case-study buildings, as presented in Table 2.
Accordingly, q is scaled to 80%, thus resulting in a behaviour factor
of 1.6. Considering this design target, inter-storey drift limits and
second order effects are vital factors for such flexible earthquake-
resistant structural systems. Code-compliant checks for service-
ability limit state are performed in the initial analysis and design
of the two case-study prototypes using RSA as reference analysis
method. According to [63], steel grade S275 (i.e. fyx = 275 N/mm?)
and S450 (i.e. f,, = 450 N/mm?) are chosen for beams and columns,
respectively. In addition, the steel material used for both outriggers
and braces is S700, with f,; = 700 N/mm?.

Table 2
Member sizes and mechanical properties in key structural components.

Fig. 3 shows an example of welded gusset-plate and bolted
beam-to-column connection systems used to detail the joints of
the two high-rise braced frame structures analyzed in this study.
In particular, Fig. 3(a) sketches the geometry of the gusset plate
used to connect the rectangular hollow section shape brace to
the beam and column; fillet welds are provided between the web
of the gusset plate and the rectangular HSS brace, while complete
or full penetration welds (FPW) are designed to connect the edge of
the gusset plate and the flanges of both beam and column. Table 3
collects the details of the gusset plates at different floor levels in
HR-01 and HR-02 prototypes; their seismic design is conducted
using the performance-based approach proposed by Nascimbene
et al. [33], in compliance with the equations provided in the Euro-
pean rules [24] to estimate the resistance of each individual mode
of failure. Furthermore, Fig. 3(b) presents the layout of a represen-
tative bolted beam-to-column connection used, in this case, to
detail a partially-restrained joint at the first floor of HR-01 proto-
type. Three M20 x 80 - 10.9 bolts are used to bolt the shear tab
to the web of the beam and two M20 x 80 - 10.9 bolts are provided
between a 180 x 250 x 20 mm plate, welded by FPWs to the flange
of the column, and the flange of the beam, in accordance with the
prescriptions specified in [64]. Finally, the connection between the
structure and its foundation is treated to be fixed in both design
process and numerical simulations. Fundamental periods (T;)
equal to 2.73 s and 6.17 s are determined from eigenvalue analysis
for HR-01 and HR-02 prototypes, respectively.

2.2. Modelling approach using fibre-based representations

In order to investigate the effectiveness of current European
prescriptions when applied to super-tall buildings, these two

30-storey frame - HR-01

60-storey frame — HR-02

Floor Profile Grade Floor Profile Grade
Columns 1-5 HD 400 x 634 S450 1-20 HD 400 x 1200 S450
6-10 HD 400 x 509 S450 21-30 HD 400 x 900 S450
11-15 HD 400 x 421 S450 31-40 HD 400 x 634 S450
16-20 HD 400 x 421 S450 41-50 HD 400 x 509 S450
21-30 HD 400 x 237 S450 51-60 HD 400 x 314 S450
Beams 1-30 IPE400 S275 1-60 IPE400 S275
Outriggers 15/30 HD 400 x 314 S700 15/30/45/60 HD 400 x 314 S700
Braces 1-5 HSS 300 x 20 S700 1-10 HSS 400 x 20 S700
6-15 HSS 250 x 16 S700 11-20 HSS 350 x 16 S700
16-20 HSS 200 x 16 S700 21-30 HSS 300 x 16 S700
21-30 HSS 200 x 16 S700 31-60 HSS 250 x 16 S700

FPW >—1

HD 400x634 - S450

@1l 250

500 mm|

HSS 300x20 - S700

500 mm

EPW

IPE 400 - 5275

(a)

HD 400x634 - S450

(i) 120

(b)

(2)M20x80-10.9
(3)M20x80-10.9
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° S :
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Fig. 3. Details of (a) gusset-plate and (b) beam-to-column connections. Note: HR-01 - first floor.
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Table 3

Sectional characteristics of gusset plates at different floor levels in HR-01 and HR-02 prototypes.

30-storey frame - HR-01

60-storey frame - HR-02

Floor Width [mm] x thickness [mm)] Floor Width [mm] x thickness [mm]
Gusset section 1-5 900 x 40 1-10 900 x 50

6-15 700 x 30 11-20 900 x 40

16-20 650 x 25 21-30 700 x 35

21-30 650 x 25 31-60 700 x 30

design solutions are used to create accurate nonlinear models of
the case-study structures which are then subject to NLTHAs, using
a set of real accelerograms [25,26] scaled to an intensity level com-
patible with that assumed in design. The performance of the design
method is then gauged by comparing design actions and deforma-
tions with those recorded in the NLTHAs. As specified in 4.3.3 of
EC8 [24], four types of analysis can be used for seismic design
and evaluation of structures:

. Linear elastic static analysis.

. Modal response spectrum analysis.
. Nonlinear static analysis.

. Nonlinear time history analysis.

NI S

Linear elastic static analysis based on the classical lateral force
method for the definition of equivalent seismic loads is unfeasible
for the two prototypes under investigation considering their irreg-
ularity in elevation (see 4.2.3.1(3)P of EC8 [24]). By contrast, mul-
timodal RSA assuming a linear elastic structural model is
recognized to be the reference method of analysis, as prescribed
in 4.3.3.1(2)P of EC8 [24]. As an alternative to linear techniques,
a nonlinear approach may also be used, since nonlinear static
and dynamic analysis are explicitly permitted in the European
seismic rules [24]. While the former presents intrinsic limitations
[27-32], the latter is the most accurate simulation procedure as
it can potentially incorporate many different interacting sources
of material and geometric nonlinearity, directly taking into account
the dynamic nature of loading. Being this analysis technique able
to reproduce dynamic effects and propagation of damage through-
out the structure in such a way that more closely reflects the phys-
ical nature of seismic excitation, NLTHAs will be assumed as
reference in this study to compare the results of the simplest and
most common analysis tool for design office use (i.e. RSA), in which
plastic hinging mechanisms are included in a simplified manner.

o Node

Therefore, a series of NLTHAs have been performed to predict
the seismic response of the two high-rise buildings under study,
using the open source FE platform OpenSees [23] to construct
fibre-based idealizations [60] able to account for geometric and
material nonlinearities through classical corotational transforma-
tion and distributed plasticity approach [21]. In this computational
framework, sectional stresses and strains are obtained through
direct integration of the uniaxial material response of individual
fibres. In detail, 3D inelastic force-based fibre elements with five
integration points are used to model the structural frame mem-
bers, assuming a bilinear stress-strain relationship with isotropic
strain hardening to reproduce the permanent deformations exhib-
ited by plastic materials during the loading-unloading history,
thus simulating the spreading of inelasticity over the member
length and cross section depth. One-to-one and one-to-six corre-
spondence between structural members and model elements are
considered for columns and beams, respectively. As previously
mentioned, this discretization is prepared to permit the application
of nodal seismic masses and corresponding gravity point loads in
seismic combination.

Mechanical representations developed and validated in com-
parison with experimental tests and detailed numerical models
[33-38,55-59] are integrated in OpenSees [23] to equivalently
incorporate the complex response of bolted joints and bracing sys-
tems in the series of FE analyses carried out. In particular, Fig. 4
shows a schematic of the modelling approach used for brace and
gusset-plate connections [33,34,58,59]. This inelastic 3D beam-
column brace model, originally proposed by Uriz et al. [65], con-
sists of two inelastic force-based beam-column elements, each of
which having five integration points and a discretized fibre section.
According to [65], all the fibre cross sections are subdivided into 20
layers across the depth and width. In order to capture the effects of
gusset end restraint [33,34,58,59], the present paper takes advan-
tage of an additional inelastic force-based beam-column element
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x :
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Fig. 4. Schematic of the modelling approach used for gusset-plate connections.
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of length 2t - where t is the thickness of the gusset plate - at each
end of the brace. As done in [33,34,58,59,65], the welds of gusset-
plate connections are not explicitly modelled, while a set of rigid
elements is included in FE modelling to represent the confined por-
tions and geometry of beam, column and gusset plate. To account
for potential buckling mechanisms in both braces and gusset
plates, each braced frame is modelled in three-dimensions rather
than in two-dimensions, thus permitting the brace to buckle in
the out-of-plane direction of the frame. As suggested in [65], an
initial out-of-plane imperfection equal to L/1000 - where L is the
entire length of the brace - is imposed at its midspan, while the
nodes of both beam and columns are restrained to deform in-
plane only. The corotational theory is assumed to represent the
moderate to large deformation effects and inelastic buckling mech-
anisms of the concentric braces, while small deformation theory is
used to solve for local stresses and strains of the inelastic beam-
column element. Therefore, this model is able to take into account
geometric nonlinearities and inherent strength decays due to
potential large displacements/rotations in critical portions of the
braces. In addition, the axial force and bending moment interaction
is reproduced by integrating the uniaxial hysteretic steel material
model over their cross section. In particular, the Menegotto-Pinto
material model is used for these members including isotropic
hardening and Bauschinger effects [65].

The limitations and potentials of this approach were extensively
examined and discussed by Wijesundara et al. [59], using test data
from five different experimental programmes. While the inelastic
brace model used herein was observed to predict with adequate
accuracy loading stiffness, unloading stiffness and pinching beha-
viour when the brace is straightened out from the buckled config-
uration under tensile loading, this fibre-based idealization is
unable to explicitly account for local (sectional) buckling effect in
the post-buckling regime of the response. Once buckling occurs
in the brace, inward bulging may develop in the portion of the
cross section that is subjected to the highest compressive stresses
due to combined axial and flexural response, thus resulting in a
gradual ovalization of the cross section. Upon imposing higher
axial deformations, the cross section may eventually flatten locally
and a pronounced kink in the plastic hinge may possibly form, thus
implying a reduction of compressive resistance. Even if the med-
ium/low dissipative design target of the two case-study structures
does not correspond to such a large deformation demand in the
brace, the occurrence of post local buckling phenomenon may be
predicted using high-definition solid or shell models [33,34].
Alternatively, more recent studies [66] have proven the effective-
ness of fibre-based models when used to account for such a mech-
anism in a phenomenological sense. Peculiar stress-strain
constitutive relationships with equivalent negative slopes were
integrated in a classical fibre element formulation to represent
the stiffness degradation and strength deterioration of hollow steel
section members, each of which modelled using a single frame
element.

Similarly, equivalent mechanical idealizations were assumed in
past studies [35-38,55-57] to reproduce the cyclic behaviour of
top-and-seat angle or T-stub bolted joints, thus including the sig-
nificant earthquake-resistant potential of such partially-
restrained connection systems in lumped or distributed inelasticity
models. In light of this, a fibre-based representation [35-38] is pre-
pared along the lines of classical component approaches [55-57],
using a series of rigid links (i.e. elastic beam-column element
object) to represent the geometry of the joint, in combination with
nonlinear springs (i.e. zero-length element object) and fibre ele-
ments (i.e. force beam-column element object) introduced to sim-
ulate bolts and shear tab/top-and-bottom plates, respectively. A
schematic of the assembly is shown in Fig. 5. As done for
gusset-plate connections, FPWs are not explicitly included in FE

s

W ZERO-LENGTH ELEMENT

oWe —— INELASTIC FB FIBER ELEMENT
RIGID LINK

oW-o—o

oWo

—5

Fig. 5. Mechanical fibre-based idealization for bolted joint systems.

modelling, assuming them to behave as a full restraint-full
strength component of the connection system. Conversely, the
set of NLTHAs carried out accounts for material nonlinearities of
plates and bolts. In particular, an elastic-plastic bilinear idealiza-
tion with isotropic strain hardening is used for top-and-seat plates
and shear tab. A bilinear cyclic constitutive law is assumed for non-
linear springs incorporating material properties and geometric
characteristics of the bolts, in accordance with the component
approach codified in Eurocode 3 (i.e. EC3) [67]. An additional gap
element is added in parallel to simulate bolt-hole clearance [68].
The numerical approach proposed herein was validated in compli-
ance with experimental tests on full-scale bolted connection sys-
tems [35-38] conducted as a part of the SAC Project [69].

The large displacement-small strain nonlinear dynamic analy-
ses are conducted using a lumped mass matrix approach and the
Krylov subspace algorithm to iteratively equilibrate loads, since it
has a larger radius of convergence and requires fewer matrix fac-
torizations than Newton-Raphson [70,21]. As done in [71,21], a
tangent stiffness-proportional Rayleigh damping model calibrated
on the first mode of vibration of the two mega-frame case-study
structures is assumed to carry out the series of NLTHAs. Two
modes of vibration (T; and T,) with specified damping ratios
(&1 and &) are required to implement the conventional Rayleigh
model, which is proportional to both mass and stiffness. In partic-
ular, Eq. (1) provides the expressions for mass matrix (o) and
stiffness matrix (o) multipliers:

ST -6 oo TGl -6l

oy = 4T
: Ti =T, TTi-T,

(M)
where T; and T, are the first and last modes of interest. Based on
numerical and experimental comparisons examined by Grant and
Priestley [71], the stiffness-proportional asymptotic branch of Ray-
leigh model is considered in this case to avoid an overdamped
dynamic response. The stiffness-proportional matrix multiplying
coefficient used for nonlinear dynamic analyses may be expressed
as stated in Eq. (2):

e
I

(2)

Ok
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where ¢ is the damping ratio associated with the fundamental
period of the structure. To overcome higher numerical instability,
the tangent stiffness-proportional damping matrix is updated at
every load increment rather than at every iteration. A classical
displacement/rotation-based convergence criterion with a thresh-
old set equal to 1073 is adopted to perform the simulations, assum-
ing an auto-update integration time-step of the order of one-tenth
of the time sampling of the ground motions considered [25,26].

2.3. Seismic input: earthquake characteristics and basic criteria for
selection

To carry out NLTHAs of structures, the dynamic excitation has
to be specified in terms of accelerograms, and the influence of seis-
mic input, as well as structural parameters and the level of inelas-
ticity, is a crucial point for seismic response assessment [72,73].
While selecting, scaling and matching ground motions to obtain
a compatible set of records play a key role in seismic analysis
and earthquake-resistant design in order to determine reliable
numerical estimates with an acceptable level of confidence, no
unanimous consensus has been yet achieved on this subject.

According to EC8 [24], the time history representation of the
ground motion is permitted using natural ground motions, artifi-
cial accelerograms and simulated records. When compared to real
and artificial records, simulated accelerograms are usually adopted
to a lesser extent in earthquake engineering practice, as they
require a comprehensive knowledge of the seismotectonic setting
of the area under study, as well as a large number of input param-
eters concerning earth crust rupture and travel path mechanisms.
Furthermore, the ground motion characteristics of artificial
accelerograms (e.g. frequency content, duration and phase correla-
tion) are shown to be strongly dependent on the generation
algorithm assumed and their prevailing features can differ from
those of real time series. In contrast, ground motions recorded dur-
ing seismic events are preferable because they possess a realistic
low-frequency content, as recognized in EC8 [24].

In light of these considerations, a set of ten natural records
scaled by Maley et al. [26] to obtain displacement spectrum com-
patibility according to EC8 requirements [24] is considered in this
work to conduct the series of nonlinear dynamic analyses pre-
sented in the upcoming discussion. While further and more com-
prehensive information may be found in [25,26], the prevailing
criteria for selecting and scaling this suite of accelerograms, origi-
nated from earthquakes ranging in magnitude from 6.2 to 7.6, are
synthesized in the following. Table 4 summarizes the main ground
motion characteristics of the ten (in lieu of seven) natural records
considered in this research - ID, event, station, component,
moment magnitude (M), closest distance from recording site to
fault area (D), duration (t,,) and shear wave velocity over the first
30 m (Vs) — and their scale factor (SF) for spectrum compatibility
over a medium to large period range, which is in agreement with

the dynamic characteristics of the two case-study structures. The
accelerograms were all selected from PEER NGA database and were
all recorded on sites conforming to EC8 soil type C, as assumed in
the initial design phase of the two mega-braced frame prototypes.

Several contributions [74-78] constitute the theoretical back-
ground for the scaling process carried out [26] with the aim to min-
imize the spectral misfit between geometric mean spectra and
code-compliant design spectra over a medium to long period
range. In particular, these studies [74-78] have addressed the
question of selection and amplitude scaling of accelerograms for
predicting the nonlinear seismic response of structures and have
additionally explored the influence of magnitude-distance scenar-
io, broadband spectral compatibility and long periods. Shome et al.
[74], lervolino and Cornell [75] and Hancock et al. [76] have
remarked the importance to constrain the response spectral shape
itself in a sufficiently large period range, showing that ground
motion records can be multiplied by a constant scale factor with
bounded values (i.e. SF < 10), without affecting substantially the
stability of the FE estimates obtained by NLTHAs performed using
these records. As presented in Table 4, the suite, obtained without
introducing any frequency context adjustment using wavelet in
order to match the target design spectra, takes advantage of SF less
than 6 for all ground motions, except for record 02 (i.e. SF < 8). By
contrast, this accelerogram provides a high contribution in terms
of spectral accelerations.

Other research efforts [77,78], in which an exhaustive charac-
terization of long period ground motions for seismic design of
structures was proposed, have revealed that long period values
can be expected in Italy and in other parts of the world [62], thus
justifying the choice of a corner period (Tp) equal to 8 s (instead of
2 s) for the 5% damped target spectra. In fact, the acceleration and
displacement response spectra shown in Fig. 6 correspond to
EC8-compliant 5% damped type 1 spectra for a PGA of 0.40 g and
soil type C, but with Tp equal to 8 s such that spectral displacement
demands increase linearly up to this value of corner period
[62,77,78]. To comply with European seismic rules [24], 5% damp-
ing was considered by Maley et al. [26]. As a result of this code-
compliant input selection [24], ¢ is assumed to be equal to 5% when
performing both RSA and NLTHAs. Similar damping values were
adopted in other numerical studies investigating the seismic
response of high-rise buildings [1-3,9,13,14,25], even if lower
ratios (i.e. 2-3%) may be conservatively used.

As depicted in Fig. 6, the average displacement and acceleration
response spectra obtained from the suite of ground motions
assumed in this work provide a satisfying match with the target
design spectra over a medium (i.e. 1-45s) to long (4-8s) period
range, as the coefficient of variation (COV) equals 0.22 and 0.12,
respectively. The EC8-compliant displacement spectrum is well fit-
ted with the average spectrum of the records in the interval 0-8 s
and a similar consideration can be drawn for each single spectrum
of the set. By contrast, a higher variation (i.e. COV =0.42) can be

Table 4

Details of the natural ground motion records used in this research - adapted from Maley et al. [26].
Record ID PEER ID Event Station Component Mw [-] D [km] teor [S] Vs [m/s] SF [-]
01 1233 Chi-Chi, Taiwan CHY082 E 7.62 36 90 194 2.1
02 1153 Kocaeli KOERI Botas 090 7.51 127 102 275 79
03 851 Landers CDMG 14368 Downey - Co 000 7.28 157 70 272 4.0
04 1810 Hector Mecca - CVWD Yard 090 7.13 92 60 345 2.9
05 1629 St Elias, Alaska USGS 2728 Yakutat 279 7.54 80 83 275 1.5
06 777 Loma Prieta USGS 1028 Hollister City Hall 090 6.93 28 39 199 1.8
07 1043 Northridge-01 Neenach - Sacatara Ck 090 6.69 52 48 309 5.8
08 728 Superstition Hills-02 Westmorland Fire Sta 180 6.54 13 40 194 23
09 172 Imperial Valley-06 El Centro Array #1 140 6.53 22 39 237 5.1
10 2615 Chi-Chi, Taiwan-03 TCUO061 N 6.20 40 107 273 5.6
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Fig. 6. Seismic input: (a) acceleration and (b) displacement elastic response spectra [25,26].

observed in the short period range (i.e. 0-1 s), as a consequence of
spectral accelerations lower than those presented by the target
design spectrum.

3. Results and discussion

The main results obtained from the series of numerical analyses
carried out will be summarized in the following. In particular, the
responses of the two high-rise mega-frame structures under study
will be compared and used to describe and discuss the global and
local behaviour of their lateral-force resisting systems, when sub-
jected to severe earthquake-induced demands. A general overview
of their prevailing characteristics is given here, and specific aspects
are referenced when needed to explain key points. Particular care
is paid to the response of hollow section shape braces and
gusset-plate connections, showing their influence on the global
structural performance of these two super-tall mega-braced
frame-core building prototypes.

Furthermore, a paradigm will be then developed to relate the
seismic behaviour of the same structural prototype using different
types of analysis (i.e. linear dynamic response spectrum analysis
and nonlinear dynamic response history analysis). Codes
[24,62,79-81] and research studies [72,73,82,83] have extensively
examined the viability of this type of comparison and several pro-
posals have been made over the last decades to predict nonlinear
deformations and forces through linear methods of analysis.
Instead of performing a nonlinear analysis, inelastic effects may
be indeed accounted indirectly in linear analysis methods by
means of specific response modification coefficients and deflection
amplification factors that are dependent on the structural system
and ductility class/level. According to Uang [82], the force reduc-
tion factor (FRF) and the deflection amplification factor (DAF) can
be expressed as reported in Eqs. (3) and (4), respectively:

FRF = R,Q (3)
DAF = ;1,Q (4)
where pi is the system ductility factor, R, is the ductility reduction

factor and Q is the structural overstrength factor. Following the
research of Uang and Maarouf [83], the ratio between DAF and

EQs
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FRF equals the ratio between inelastic drift (4y,.x) and elastic drift
(4,), as stated in Eq. (5):
DAF  u,Q  uy  Amax

FRE R.Q R, A,

()

It is recognized that use of values of DAF less than FRF underes-
timates deflections [72,73,82,83]. In particular, Uang and Maarouf
[83] investigated the response of a two-storey eccentrically braced
frame and a thirteen-storey steel moment frame, quantifying the
variation of their maximum storey drift as a function of the earth-
quake intensity. Their estimates revealed that the DAF-to-FRF ratio
increases with the system ductility reduction factor. Within the
practical range of interest of their research (i.e. R, in the range
1-5), this parameter was proven to vary from 1.0 to 1.5. More in
detail, ratios of up to 10% higher than unity were observed for
moderate structural ductility levels (i.e. R, in the range 1-2.5) that
are in closer agreement with those assumed in this study.

While US recommendations [62,79] propose two different ded-
icated factors for force and deflections, EC8 [24] uses the equal dis-
placement rule in most cases, implicitly assuming DAF and FRF to
be equal to the behaviour factor (q). This EC8-compliant procedure
was used to obtain the set of RSA-based results presented in the
upcoming discussion. In addition, it can be noted that the deflec-
tion amplification factors proposed in US provisions are in general
either equal to or lower than the corresponding force reduction
factor, depending on the structural system and its level of inelastic-
ity [72,73]. As a result, the US provisions are less conservative
when compared to EC8, since the latter approach considers the
DAF-to-FRF ratio as unity.

3.1. Global performance of mega-frame systems

The global responses of the two super-tall buildings studied are
provided in Figs. 7 and 8, in terms of inter-storey drift and acceler-
ation peak profiles from RSA and NLTHAs. In particular, Figs. 7 and
8 present the peak values recorded for each accelerogram, together
with their average, for the thirty- and sixty-storey mega-frame
prototypes, respectively. In addition, the peak displacements
obtained at each floor are collected in Fig. 9 for both structures.

As shown in Figs.7(a) and 8(a), the average storey drift
demands are much higher than the design storey drift capacities
from RSA, particularly for the sixty-storey building (see Fig. 8(a)),
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Fig. 8. Prototype HR-02: (a) inter-storey drift and (b) acceleration peak profiles from NLTHAs and RSA.

while an opposite trend is observed in terms of horizontal floor
accelerations (see Figs. 7(b) and 8(b)). By contrast, the average hor-
izontal displacement profile from NLTHAs appears to be relatively
well captured by RSA, particularly for HR-01 prototype. For the
thirty-storey case-study structure the displaced shape is well pre-
dicted over the bottom half of the building but over the upper sto-
ries RSA tends to be unconservative. As the building height
increases, the discrepancy between RSA and the average of NLTHAs
increases significantly, because of the nonlinear response of the
structure that is characterized by a more pronounced higher
modes contribution which in turn forces a different distribution
of storey ductility demand to occur over the building height. In
light of this, inter-storey drift and acceleration peak profiles from
NLTHAs and RSA are also visibly different in shape, particularly
for HR-02 due to more prominent effects of the higher modes in
the tallest of the two prototypes (see Figs. 7(a) and 8(a)).

Peak roof displacements of up to 0.77m and 1.83m are
observed for HR-01 and HR-02, in the case of the most severe

record, while values of about 0.61 m and 1.17 m are computed in
average, thus showing peaks 20% and 36% lower for HR-01 and
HR-02, respectively. As expected, the influence of higher modes
is more visible in terms of drifts than displacements. Furthermore,
the scatter of predictions from nonlinear dynamic analyses is
higher in the latter case-study structure (see Fig. 9), due to a
slightly higher scatter in the seismic input for a longer period
(see Fig. 6). RSA deviates from the average of the ten NLTHAs per-
formed at approximately mid-height of the structures, reaching a
discrepancy of about 10% and 20% at the top storey of the thirty-
and sixty-storey buildings, respectively. A fairly cantilevered dis-
placement shape, with pronounced discontinuities in correspon-
dence to the outriggers, is predicted for both structures (see
Fig. 9) and this trend is even more visible in terms of inter-storey
drifts and accelerations, as evidenced in Figs. 7 and 8. In detail,
peak inter-storey drifts of approximately 0.75% and 1.00% are
shown to occur at roughly two-thirds of the total structural height
for both HR-01 and HR-02 in average and in case of the most severe
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respectively.
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Fig. 12. Shear force peak profiles in the leftmost column of (a) HR-01 and (b) HR-02, respectively.

record, respectively. Therefore, the stiffening effect provided by the
outriggers is proven to be significant for both building prototypes,
as evidenced by a pronounced reduction in terms of inter-storey
drifts experienced during nonlinear dynamic simulations. Peaks
more than halved, in comparison with those recorded at the floor
above and below the outrigger, are predicted for both structures.
By contrast, these members caused a significant increase in accel-
eration and storey shear force demand in correspondence to them,
as discussed later on.

This trend is particularly evident for the stiffest of the two
super-tall mega-braced frame-core buildings - HR-01 - which
has a fundamental period more than halved in comparison with
that determined for HR-02 (i.e. 2.73 s vs. 6.17 s). The average peaks
in terms of floor acceleration are approximately 0.53 g and 0.37 g
in HR-01 and HR-02 prototypes, respectively. Maxima of up to
1.09 g and 0.68 g are experienced by the two structures during

NLTHAs, if the most severe ground motion is assumed as reference.
Finally, the higher mode contribution is confirmed to be pro-
nounced particularly in the upper stories of the tallest mega-
braced frame building, as a consequence of its higher
flexibility. Hence, the series of nonlinear dynamic simulations con-
ducted have confirmed the significant potential of braces and
outriggers/belt trusses when included in the LFRS of modern
high-rise buildings, also showing that, if accurately designed and
detailed, these structural systems provide an optimum combina-
tion of overall stiffness and strength, being these members able
to induce a good balance between inter-storey drift and accelera-
tion demands. Nonetheless, the structural response obtained for
both case-study prototypes reaffirm the importance of maintaining
uniform excess-strength ratios [24] over the building height, when
sizing these structural components for lateral earthquake resis-
tance, in order to ensure globally distributed dissipation and to



12 E. Brunesi et al. /Engineering Structures 115 (2016) 1-17

30

25f -

20

Storey [-]
o

60

50 14

40
=X
& 3or - , ,
2
»
20+ ?
101 NLTHA Avg
EQs
....... RSA
0 L . 1 1 1 1 1 J
0 1000 2000 3000 4000 5000 6000
Storey Shear Force [kN]
(b)

Fig. 13. Storey shear force peak profiles for (a) HR-01 and (b) HR-02 prototypes.

101
5 -
—— NLTHA Avg
EQs
...... RSA
0 (R N ! ! ! T )
0 500 1000 1500 2000 2500 3000
Storey Shear Force [kN]
(a)
U S AR e A
4000
2000
z
=
g 0
o
L
S -2000
x
<
-4000
-6000
~-8000 i i i i i i j
- -2 -1 0 1 2 3 4
Axial Displacement [m] x 107
(a)

BO00 [ -+ SREREEEEEERREREE RRRETEERLERERED ;

2000

-2000

Axial Force [kN]

-4000

-6000

-8000 i i : i
Axial Displacement [m] x107°

(b)

Fig. 14. Hysteretic behaviour of a critical brace at the first floor for (a) HR-01 and (b) HR-02.

prevent too high storey shear forces and accelerations from con-
centrating in a single storey where large differences in this param-
eter occur from one level to another.

3.2. Local response of key structural components

Once the global behaviour of the two high-rise structures were
quantified, the local performance of their key structural compo-
nents, such as columns, braces and outriggers, will be discussed
in detail. In particular, axial load, bending moment and shear force
peak profiles in different columns, as well as the hysteretic
response of critical braces in terms of axial force-displacement
curves will be shown to quantify their influence on overall struc-
tural response. In addition, the peak profiles of the earthquake-
induced axial overloads (i.e. seismic vs. static axial force demand)
will be computed for two reference columns of both structures.

To highlight the effects caused by the in-plane rotation of the
outriggers at different floor levels, Fig. 10 collects the set of
earthquake-induced compressive loads experienced by the

leftmost and the central columns of HR-01 and HR-02 in compar-
ison with those produced by vertical loads in static conditions
(i.e. dead and live loads in seismic combination). As expected, the
central columns of both case-study mega-braced frame buildings
are shown to remain almost unaffected by the dynamic excitation
imposed at their base, since negligibly small extra-loads are
observed, particularly for HR-02 prototype. By contrast, the contri-
bution to lateral resistance ensured by the outriggers causes signif-
icant compressive overloads to be transferred to the lateral
columns. In detail, an approximately 40% and 30% increase is com-
puted at the base of HR-01 and HR-02, respectively; as the height
of the structure increases, this overturning effect tends to decrease,
showing a roughly linear piecewise decaying slope with the struc-
ture height. Pronounced discontinuities are again predicted in cor-
respondence to the outriggers.

In light of the aforementioned considerations, only the numer-
ical results recorded for the leftmost column of both mega-braced
frame-core structures will be presented hereafter. In particular, the
bending moment and shear force peak profiles predicted by
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Fig. 16. Static vs. seismic axial load peak profile in a critical brace of (a) HR-01 and (b) HR-02, respectively.

NLTHAs and RSA are provided in Figs. 11 and 12 for HR-01 and
HR-02 prototypes. High concentrations are again determined in
correspondence to the floor levels where the outriggers are placed,
as a consequence of those highlighted in terms of storey accelera-
tion (see Figs. 7(b) and 8(b)). A similar consideration can be drawn
in terms of storey shear force peaks for both case-study buildings
(see Fig. 13). As previously discussed in terms of global structural
behaviour (i.e. storey drifts and accelerations), RSA tends to signif-
icantly underestimate bending moment and shear force demands
from the average of NLTHAs; in some cases, values more than
halved are determined for both case-study structures (see Figs. 11
and 12).

An example of the axial force-displacement capacity curves
predicted in a brace at the first floor is presented in Fig. 14, aiming
to characterize the hysteretic behaviour of such a critical member.
A nearly pseudoelastic cyclic response governed by strength rather
than ductility can be observed for both HR-01 and HR-02 struc-
tures. The narrow hysteresis loops determined are shown to be

too unstable to develop a well-established dissipative mechanism.
This moderate plastic behaviour is in close agreement with the
medium/low dissipative behaviour assumed as design target for
both structures. As a result, these members visibly contribute for
stiffening and strengthening of the overall building prototypes
without adding significant energy dissipation at this structural per-
formance level. Compressive peak forces of up to 5000 kN and
7000 kN are obtained, in this case, for the thirty- and sixty-storey
case-study buildings, respectively. As highlighted in Fig. 15, where
the compressive force peak profiles constructed for HR-01 and
HR-02 are provided, a similar demand is predicted in average in
the upper stories where the outriggers are placed. RSA is confirmed
to underestimate the average of NLTHAs, particularly in the bottom
and intermediate floor levels. This trend is evident for both case-
study structures, even if it is more pronounced in the tallest of
the two mega-braced frame-core prototypes (i.e. HR-02). Nonethe-
less, a peak discrepancy of about 40% is observed for both struc-
tures, if RSA and the average of NLTHAs are compared.
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Fig. 18. NLTHAs vs. EC8-based demand: axial load peak profiles in a critical brace of (a) HRO1 and (b) HR-02.

In Fig. 16, a comparison is provided between the compressive
peak loads determined under seismic excitation and static condi-
tion, in the most critical brace of both high-rise frame-core build-
ings. Dynamic effects much more pronounced than those
evidenced in the columns can be observed for this type of member.
Furthermore, Fig. 17 collects the sets of NLTHA-to-RSA axial force
ratios computed in leftmost and rightmost braces of the building
core in order to quantify the discrepancy predicted in the critical
components of the two reference buildings, using analysis methods
with different levels of sophistication. The inaccuracy and unsafety
level of RSA results in maxima at floor levels where the outriggers
were placed, as they cause an abrupt change in the lateral stiffness
of adjacent stories. In particular, the NLTHA-to-RSA axial load
ratios reveal peaks roughly close to 2 at mid-height of both struc-
tures (i.e. 15th and 30th stories of HR-01 and HR-02, respectively).
This large mismatch arises from the fact that multimodal RSA is
characterized by intrinsic deficiencies and limitations for
accurate predictions of both dynamic effects and plastic hinging
mechanisms of a structure. In detail, this analysis procedure

superimposes and combines the contribution of different modes
of vibration with their participating modal mass ratios and
accounts for the level of inelasticity of a building by means of a
unique behaviour factor for the overall structural system, assuming
the contribution of each mode of vibration to be the same for dis-
sipation purposes. Therefore, this simulation technique is unable to
predict the concentrations of dynamic forces in critical portions of
the structure which in turn cause the building to move further in
the nonlinear regime of its response. As a result, this approach can-
not reproduce the propagation and evolving distribution of dam-
age/plastic hinging mechanisms in the structure at a local/
element level, even in the case that a low/medium dissipative
behaviour is assumed as performance level.

Being the mismatch between RSA and the average of NLTHAs in
the braces higher than that observed in other structural elements,
particular care has to be paid to the earthquake-induced demand
assumed to design the related connection systems. In particular,
EC8 provisions [24] recommend the following equation to be used
for this purpose:
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Fig. 19. Axial force peaks in the outriggers at the 30th storey in (a) HR-01 and (b) HR-02, respectively.

X [m]
o0 8 16 24 32 40 48
B e N RS
= -2000F
=,
° —
< N R P
S -3000
L .
e e
%
< 4000}
~5000 NLTHA Avg
EQs
------ RSA
-6000 ¢
(a)
Ra=1.17,,Ry (6)

where Ry is the axial resistance of the connection, y,, is the material
overstrength factor and Ry, is the plastic resistance of the connected
dissipative member. In Fig. 18, this EC8-based methodology is
therefore compared, in terms of axial load peak profiles, with the
average demand determined by NLTHAs. Even if the average forces
obtained from them are found to align well with design values in
the upper stories of both case-study mega-braced prototypes, the
former approach is shown to provide unconservative estimates over
the bottom half of the building, particularly in correspondence to
the outrigger belts, thus confirming these elements to be the actual
critical areas for structural system of this type. The EC8-compliant
overstrength criterion expressed in Eq. (6) is neither accurate nor
conservative in these vital portions of the two buildings under
investigation (e.g. 15th and 30th stories of HR-01 and HR-02 struc-
tures), as the corrective coefficients proposed are unable to absorb
and solve the inaccuracy of multimodal RSA, which directly causes
the mismatch with nonlinear dynamic predictions. Hence, Fig. 19
presents a comparison between the peak axial loads predicted by
RSA and NLTHAs in the outriggers placed at the 30th storey of the
two reference structures. Even though a negligibly small difference
can be observed between the two analysis techniques for the thirty-
storey case-study building, a larger discrepancy is determined in
the outriggers placed at mid-height of HR-02 prototype. This issue
should be adequately dealt with in the earthquake-resistant design
of such high-rise structures, limiting the excess-strength ratio over
the building height and using accurate simulation approaches for
seismic response assessment.

4. Conclusions

This paper focuses on the seismic behaviour of super-tall
mega-braced structures, including outriggers and belt trusses in
their LFRS, and presents the details of a modelling procedure to
be implemented in an open source FE code for simulating their
large displacement inelastic dynamic response. Thirty- and
sixty-storey planar prototype frames, extracted from three-
dimensional reference buildings, were designed according to
European prescriptions and then fibre-based FE models were
developed for seismic response assessment of these two case-
study structures analyzed to examine both global and local perfor-
mance of structural system and key components. Inelastic

force-based fibre elements were used to represent the frame mem-
bers and mechanical fibre-based idealizations were prepared to
reproduce the cyclic behaviour of bolted beam-column joints
and welded gusset-plate connections. NLTHAs were performed in
comparison with RSA, using a suite of ten natural displacement
spectrum compatible records as a severe seismic input. The pre-
vailing observations and conclusions drawn from the numerical
simulations carried out can be summarized as follows:

o A pseudoelastic response governed by strength rather than duc-
tility was obtained for both high-rise structures, thus showing
bracing systems and outrigger belts to be effective in limiting
inter-storey drifts and second order effects. In particular, peak
inter-storey drifts of up to 0.75% and 1.00% were predicted to
occur at two-thirds of the total structure height, whether the
average of NLTHAs and the most severe ground motion of the
suite are considered, respectively.

Visible and abrupt changes/discontinuities in displacement,

inter-storey drift and floor acceleration peak profiles were

recorded and shown in correspondence to the outrigger arms,
as a consequence of the significant stiffening effect provided
by them. This in turn caused a large increase in bending
moment and shear force demands in columns, HSS braces
and welded gusset-plate connections, thus confirming the
importance of limiting the excess-strength ratio over the
building height. To mitigate force concentration due to sudden
change in lateral stiffness, the stories above and below the
outriggers may be stiffened/strengthened and the regularity
of the structure in elevation may be enforced through increas-
ingly optimized iterative design procedures. As a result, these
can prevent a reduction of the behaviour factor, which is
desirable especially when the performance of the building
moves to a high dissipative design target in high ductility class

(DCH).

e The effects caused by the in-plane rotation of the outriggers
were proven to be negligibly small in the central column of both
case-study prototypes, while high extra-loads of up to 40% were
transferred to the lateral columns. In particular, the compres-
sive force peak profiles were characterized by an approximately
linear piecewise decaying slope with the structure height, pre-
senting pronounced discontinuities in correspondence to the
outrigger belts, which are confirmed to be the critical areas
for super-tall structural systems of this type.
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e RSA tends to largely underestimate the average of NLTHAs and
in some cases values more than halved were determined, in
terms of local demands on key structural components; a similar
consideration can be drawn for peak displacements and inter-
storey drifts. Therefore, the use of NLTHAs as a post-design
check is reaffirmed to be a crucial aspect for these high-rise
mega-braced frame-core buildings, the response of which is sig-
nificantly affected by higher mode effects, particularly at the
top stories.
Sensitivity to the structure height was investigated by compar-
ing the responses of the two reference structures under study,
thus showing current European seismic rules to impose a
similar performance for both HR-01 and HR-02 prototypes, in
terms of global and local behaviour. When accurately designed
and detailed in light of capacity design principles and
performance-based design concepts, bracing systems and
outrigger belts were demonstrated to provide an optimum com-
bination of stiffness and strength for these super-tall buildings,
inducing a good balance between drift and acceleration
demands.

e The numerical and modelling outcome of this research may be
immediately applied to design, vulnerability assessment and
strengthening of super-tall mega-braced structures of similar
type. In addition, the analysis framework prepared may be
extended to other high-rise building classes and structural
types, explicitly incorporating the contribution from further
secondary systems such as slabs and facades, and may be inte-
grated in a probabilistic approach for fragility analysis to
become an effective tool for rational and quantitative risk
assessment of super-tall frame-core structures that are prone
to progressive collapse under seismic excitation.
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