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Abstract

This study firstly explores the effectiveness of SMA-based Self-centring Energy Dissipation
Bay (SCEDB) for enhancing the seismic performance of high strength steel (HSS) frames.
The work is commenced by developing an ensemble of prototype HSS frames equipped with
SCEDBSs, namely HSSF-SCEDB structures. The prototype systems are analysed under cyclic
pushover analyses and nonlinear response history analyses (NL-RHAs). According to the
analysis database, it is found that the cyclic pushover responses generally show typical flag
shape for a wide deformation range, and the post-earthquake residual deformations are below
0.5% even after experiencing maximum interstorey drifts beyond the codified deformation
threshold (i.e. 2%). To offer a practical tool for engineers in damage-control behaviour
evaluation and seismic demands estimation, a multi-mode-based nonlinear static procedure
based on the modified energy balance concept is developed. Conventional procedures
according to the fundamental vibration mode are also revisited. The results indicate that a
medium-rise HSSF-SCEDB may be appreciably influenced by higher vibration mode. The
difference between average maximum interstorey drifts by NL-RHAs and those by the
proposed procedure under an ensemble of earthquake motions is generally below 5%, and the
adequacy of the proposed method is justified.
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1. Introduction

High strength steels (HSSs) with the nominal yield strength
equal or over 460 MPa have recently attracted much
attention from both academic and engineering communities
[1, 2]. Owing to the higher strength of the material, effective
application of HSSs can reduce member section sizes in a
steel structure, and hence produces economical and
sustainable  structures.  Although HSS is generally
characterised by finite ductility and insignificant post-
yielding strain hardening, recent research advances in
hysteretic ~ behaviour of HSS  materials [3-6],
connections/members [7-9] and structural systems [10-19]
have shed considerable lights on the promise of their
practical implementations in seismic regions. It was
confirmed that an effective combination of HSSs and normal
steels (e.g. mild carbon steel) in a structure contributes to the
formation of desirable damage-control behaviour [15-18, 20]
with inelastic actions easily limited to pre-selected members
and components for a wide deformation spectrum. For
instance, Dubina et al. [11] examined the feasibility of
eccentrically-braced HSS frames equipped with ductile shear
links, and the advanced damage evolution mode was
confirmed. Alternatively, Ke and colleagues have explored
the effectiveness of energy dissipation bays [15-18] for
enhancing the seismic resistance of a HSS frame. The notion
of a HSS frame equipped with energy dissipation bays, i.e.
the HSSF-EDBs, is illustrated in figure 1. The satisfactory
seismic behaviour of the system including the progressive
damaging sequence and the mitigated post-earthquake
residual deformation responses in an expected deformation
range was confirmed through large-scale quasi-static tests
[15, 16].

Nonetheless, the previous research works on HSSF-EDBs
generally prioritised the plastic energy dissipation capacity
and ductility of the energy dissipation bays, and the energy
dissipation mechanisms were based on sacrificial links with
plump hysteretic responses. To realise good recentring ability
of the structure, a strong HSS frame with sufficient elastic
restoring forces is recommended to pull the structure back to
the upright position [15, 21]. In addition, for energy
dissipation bays installed with conventional ductile links
exhibiting full force-displacement responses, the post-
earthquake repair works might be costly and complex due to
significant permanent residual deformations and residual
force sustained by the damaged components as demonstrated
in the literature [22, 23]. Therefore, more efforts may be
needed towards further seismic performance enhancement of
HSS frames.

Recently, innovative “self-centring” technologies enable
further advance of seismic design methodology. Apart from
using post-tensioned approach to achieve the self-centring
behaviour [24-26], research studies indicate that the self-

centring behaviour may be realised using Shape Memory
Alloys (SMAs) [27-32]. Owing to the superelastic behaviour
of SMAs which enables recovery from significant strains (up
to 8% to 10%) spontaneously by unloading, novel self-
centring connections equipped with superelastic SMA
bolts/bars have emerged as promising candidates for steel
frame structures. The excellent self-centring performance
accompanied by moderate energy dissipation capability of
these connections was confirmed by extensive investigations
[33-39]. Recently, SMA-based systems are widely being
utilised in the steel frame [40-43]. To shed lights on the
seismic performance of structures equipped with novel SMA
connections, DesRoches et al. [40] examined the seismic
responses of steel MRFs incorporating SMA connections
based on a numerical study. The results showed that the
deformation demand of the MRFs was reduced due to the
presence of SMA connections. More recently, Sultana and
Youssef [41] observed that the arrangement and the locations
of the SMA connections appreciably affect the structural
seismic response of MRFs. However, knowledge in
optimised application strategies of SMA-based connections
in steel frames needs further examination. In addition,
quantitative approaches which may be used by practitioners
to quantify the inelastic seismic demand of novel steel
frames equipped with SMA connections are in urgent need.

Based on the above, the primary objective of this study is
to explore the effectiveness of utilising self-centring energy
dissipation bays (SCEDBs) equipped with SMA-based
connections to enhance the seismic performance of HSS
frames. The notion of superelastic-SMA-based SCEDB and
the implementation strategy of SCEDBs in HSS frame
towards a novel system, namely the HSSF-SCEDB structure,
are examined. The seismic performance of a prototype
HSSF-SCEDB is examined by cyclic pushover analysis and
nonlinear response history analyses (NL-RHAs). The
maximum roof displacement, maximum interstorey drift and
post-earthquake residual drifts are gathered from the analysis
database and examined in detail. The damage-control
behaviour and inelastic seismic demand of a damage-control
HSSF-SCEDB based on a multi-mode-based nonlinear static
procedure are quantified. The adequacy of the proposed
method is verified by results from NL-RHAs and comparison
against conventional procedures.

2. Implementation of SCEDBs for enhancing HSS
frames

In this study, it is proposed to develop a SMA connection
based on the work by Ocel et al. [33] as shown in figure 2.
The connection adopts superelastic SMA bars to resist the
connection moment and high strength bolts installed in the
shear tab to resist the applied shear force. According to Ocel
et al. [33], the SMA bars buckled at significant deformation
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levels, which may affect the connection performance. Thus,
the proposed connection utilises a steel buckling restraint (i.e.
a steel tube connected with flexible rings) to strengthen the
superelastic SMA bars against buckling as shown in figure 2.

To concentrate inelastic actions in the SMA bars at large
deformations, slot bolt holes are introduced in the shear tab
connection, allowing for rotation of the links (figure 2). A
demonstration of the validity of the modified connection and
a simplified modelling technique will be discussed later.

In this context, a self-centring energy dissipation bay
(SCEDB) may be realised by employing the self-centring
SMA connections in the energy dissipation bay. In particular,
a SCEDB is composed of two HSS columns and links
connecting the columns, and self-centring connections

discussed above are used to connect the links with the
columns. The major functions of the SCEDBs are
summarised as follows: (1) The SCEDBs can enhance the
lateral stiffness of the entire structure against normal loads
(e.g. wind) in the elastic stage and (2) when the structure is
pushed to more significant deformations under earthquake
motions, “superelastic hinges” at the link-to-column
junctions can be triggered, producing both hysteretic energy
dissipation and recentring behaviour. Concurrently, the HSS
frames may continue to deform in the elastic stage for a
wider deformation range. Therefore, a desirable damage-
control behaviour limiting the inelastic actions in the
SCEDBs may be achieved by an effective combination of
SCEDBSs and HSS frames.

Energy dissipation bay
(EDB)

HSS members

Energy dissipation link

Figure 1. Notion of high strength steel moment resisting frames equipped with energy dissipation bays (HSSF-EDBs) [15, 16].
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SMA core
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Slot bolt hole
Link in SCEDB

Column

ined

Figure 2. Configuration of the shape memory alloy (SMA) connection.

3. Seismic performance of prototype structures

3.1 Basic information about the prototype structures

To examine the effectiveness of HSSF-SCEDBs for seismic
applications, three prototype low-to-medium rise prototype
HSSF-SCEDBs are designed according to the Chinese
seismic design provisions [44]. Although the trial design
does not intend to generate an optimised structure, it has
included essential quantities of a HSSF-SCEDB. In

particular, one three-storey and two six-storey HSSF-
SCEDBs designated as office buildings are designed and to
be constructed on sites with stiff soil. The elastic seismic
demand for the prototype structures is determined based on
design spectra documented in GB50011-2010 (2016) [44].
The layout and the elevation of the prototype systems are
shown in figure 3, and the focus of the current study is given
to a 2-D frame. For all prototype structures, a dead load of 5
kN/m? and a live load of 2.5 kN/m? are assumed according to
the Chinese load code for design of building structures
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(GB5009-2012) [45]. The seismic weight and gravity load
are computed by the tributary area as illustrated in figure 3.
For the three buildings, HSS with the nominal yield strength
of 460 MPa is used to develop the frame members. Two
SCEDBs are located at the external bays of the structures,
and the SMA connections mentioned in Section 2 are
installed in the structure. Six SMA bars with a diameter of 16
mm are preliminarily selected for each connection, and a
typical connection for the three-storey structure is given in
figure 3(b). To explore the effect of SMA bolt length on the
behaviour of the structures, the bolt length of 75 mm and 150
mm are considered in the two 6-storey structures,
respectively. As for the material property of SMAs, the
“forward transformation start stress (o™°)” representing
inelasticity inception of the material is set as 280 MPa
according to the material test results of SMA bars [39].
According to typical configurations of the connections are
shown in figure 3(b), the design yield moment of the
connections is calculated to be 67.2 kN - m assuming that the
rotation centre is in line with the centroid axis of the link. Pin
connections are used to connect the SCEDBs to the main
HSS frames to increase the elastic deformation range of the
HSS frames, as shown in figure 3. The modelling techniques
will be discussed in later sections.

3.2 Finite element modelling techniques of the
prototype structures
The finite element (FE) software ABAQUS [46] is utilised to

model the prototype structures. Two-node linear beam
elements (first order interpolation), i.e. B31 elements, are

adopted for the columns and the beams in the frame structure.

The mesh size for the elastic segment of the members (i.e.
the region away from the plastic hinges) is set as 200 mm,
whilst the segment expected to experience significant
inelastic actions is discretised with a refined mesh (i.e. a size
of 50 mm). The bilinear kinematic hysteretic material model
with von Mises yield criterion is adopted for the HSS frame

members (i.e. beams and columns) with the nominal yield
strength of 460 MPa. Rigid joint assumption is applied to the
connections in the frames. To produce pin connections in the
structures (figure 3), the “Release” option [46] is used to
allow for the rotation of the corresponding elements.

As for the SCEDBS, a simplified “nonlinear-spring-based”
connection model is developed for the connections equipped
with the SMA bolts. Nonlinear axial springs governed by the
Auricchio’s hysteretic model [47] are used to simulate the
behaviour of the superelastic SMA bolts installed in the
SCEDBsS, and a pin joint is used to simulate the shear tab in
the connection. An illustration of the simplified connection
model is shown in figure 4(a). The essential parameters of
the superelastic SMA materials include the state
transformation stresses, i.e. forward transformation start
stress (o™S), forward transformation end stress (a™), reverse
transformation start stress (¢”5) and reverse transformation
end stress (¢, austenite elasticity (EA), martensite elasticity
(EM), maximum transformation strain (¢-), and Poisson ratios
(vA and vM), are based on Fang et al. [39] as shown in figure
4(b) and table 1.

Table 1. SMA material properties used in the FE study [39].

Material properties Values
Forward transformsatlon start 280 MPa
stress ¢
Forward transfor'\rﬂatlon end 380 MPa
stress ¢
Reverse transformation star
everse transfo :uo start 150 MPa
stress o
Reverse transformfatlon end 75 MPa
stress o™
Austenite elasticity EA 35 GPa
Martensite elasticity EM 25 GPa
Maximum transformation 0
i 5%
strain ¢
Poisson’s Ratio vA 0.33
Poisson’s Ratio vM 0.33
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Figure 3. Structural arrangement of prototype systems: (a) structural layout, (b) 3-storey system and (c) 6-storey system.

3.3 Validation of the modelling techniques

To confirm the adequacy of the nonlinear-spring-based
model for reproducing the behaviour of the SMA connection
(figure 4(a)), a detailed finite element model of a prototype
connection was first established (figure 4(c)). The detailed
information on the prototype connection is given in table 2.
In the modelling, SMA bars and the buckling restrained tube
were modelled using the eight-node linear solid elements (i.e.
C3D8 elements). The column stub and the beam stub are
discretised by eight-node linear solid elements considering
reduced integration (i.e. C3D8R elements). “Hard contact”

option that can simulate the contact action in the normal
direction accompanied with a “Penalty” friction (the friction
coefficient is 0.3 [39]) formulation characterising contacting
behaviour in the tangential direction is utilised to model all
the contacting surfaces. “Merge” strategy [46] is used to
simulate all welded junctions, assuming that no welding
failure would occur. For the steel material, the bilinear
kinematic hysteretic model governed by von Mises yield
criterion is adopted. As for the SMA material, the material
properties based on Fang et al. [39] (table 1) are adopted.
The detailed FE model of the prototype connection (figure
4(c)) and the nonlinear-spring-based model (figure 4(a)) are
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analysed under cyclic loading scenarios, and the good
agreement between the moment-rotation responses based on
the nonlinear-spring-based model and those by the detailed
FE model is demonstrated in figure 4(d). However, to fully
verify the modelling techniques, the rationale of the detailed
modelling techniques may also need to be confirmed. Thus,
the detailed FE modelling techniques mentioned above are
applied to replicating the test responses of a SMA-based
connection (specimen D8L240) examined by Fang et al. [39]
to justify their sufficiency. The overview of the test
connection model is shown in figure 4(e), and the accuracy
of the modelling is confirmed by comparing the test response
curve and predictions by the detailed FE model (figure 4(f)).

Note that although the configuration of the test connection
(figure 4(e)) is not identical to that of the proposed
connection (figure 4(c)), the validation has included essential
mechanical characteristics of the prototype connection (i.e.
interaction between SMA bolts and structural elements).
Thus, the detailed FE modelling techniques may be used to
well capture the hysteretic behaviour of the proposed
connection, enabling further validation of the nonlinear-
spring-based connection model. On the other hand,
verifications of the modelling techniques of Q460 HSS frame
members, which have been explored in previous works [17],
are reproduced in Appendix A.

Table 2. Connections in the validation study.

Connection Member Section Dimension (mm)  Steel grade
Column  ©300X300X25X25 L=2000 Q460
Prototype connection Beam H300X200X 12X 16 Ly=1625 Q460
SMA bolts - Ls=152 -
Ds=350
_ Column  H350X350X16X24 L=1292 S355
Test iioF;;]Ct'O” Beam  H150X100X10X10 L, =1025 $355
SMA bolts - Ls=240 -
Ds=210
Tk

o

o

©

Rigid element
~ SMA spring
Pin
8 Cyclic load ,(_U\. §
o
Lc S
__ Beam (B31 element) k73
Rigid element B o
5 S
Column (B31 element)
Lb |
> o
| 0.00

(@)
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Figure 4. Connection models: (a) nonlinear-spring-based simplified model, (b) material properties of SMA bars [39], (c)
detailed FE model of the proposed connection, (d) results of the proposed connection (e) detailed FE model of test connection

in [39]. and (f) Results of test connection.

4. Analysis procedures and seismic response of
prototype structures

4.1 Analysis procedures

The validated FE models mentioned above are used to
simulate the prototype structures, and they are subjected to
nonlinear cyclic pushover analysis and nonlinear response
history analysis (NL-RHASs). The invariant lateral force
pattern corresponding to the fundamental vibration mode is
applied on the prototype structures to conduct the cyclic
pushover analyses. The lateral load distribution is given as
follows:

F=me, 1)

where F = lateral load vector corresponding to the
fundamental vibration mode of the prototype structures; m =

mass matrix; and @1 = modal vector corresponding to the
fundamental vibration mode. Note that a frequency analysis
should be carried out first to obtain the lateral load vector,
and the elastic dynamic properties of the prototype structures
are summarised in table 3. To apply the invariant lateral load
distribution in Eq. (1), “Equation” option in ABAQUS [46]
is used to couple the applied lateral load in each storey of the
systems.

The NL-RHAs are performed to examine the seismic
response of prototype structures subjected to earthquake
motions. Twenty earthquake ground motions utilised in the
SAC project [48] are adopted as the ground motion ensemble.
These ground motion data (i.e. coded from LAOL to LA20)
may be reckoned as design based earthquake motions on
sites of stiff soil with 10% probability of exceedance in fifty
(50) years. The acceleration spectra corresponding to the
damping ratio of 5% is given in figure 5. For both the
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nonlinear cyclic pushover analysis and the NL-RHAs, P-
delta effects are considered, and the gravity load is applied
by distributing the lumped mass on each floor. In NL-RHAs,

a damping ratio of 5% [49] is used to develop the Rayleigh
damping matrix for the first two vibration modes.

Table 3. Dynamic properties of the prototype HSSF-SCEDBs.

Structure Property (unit) 1% Mode 2"Mode
Period (s) 0.70 0.22
3-storey system Modal effective mass (t) 179.54 9.64
Modal participation factor 1.30 0.50
Period () 1.67 0.54
6-storey_system ) Modal effective mass (ty 46610  77.20
(Lsma=75 mm)
Modal participation factor 1.37 0.53
Period (s) 1.90 0.62
6-storey system (B) .
(Lswa=150 mm) Modal effective mass (t) 469.21 71.99
Modal participation factor 1.36 0.52
10
—— Mean
- = =3-storey

Spectral Acceleration (g)
=

o
=

1

:

: = = =6-storey(A)
1= - -6-storey(B)
1

1

1

1

L

Period (s)
Figure 5. Acceleration spectra of earthquake motions.

4.2 Seismic response of prototype structures under
earthquake motions

The cyclic pushover responses of the prototype structures in
the “push” direction (up to the maximum roof drift of 4%)
are shown in figure 6. For six-storey system (A) progressing
into the martensite hardening stage (figure 6(b)), the
response up to the roof drift where the maximum axial strain
in SMA bolts reaches 8% is given, after which fracture of
SMA bolts may be triggered. It can be seen that the typical
flag-shape hysteretic responses with negligible residual
deformation are characterised in a wide deformation range
for the three prototype structures. Note that the realistic
residual deformations of the structure under earthquake
motions are always less than those extracted from the cyclic
pushover responses [50-52]. Therefore, it is expected that the
post-earthquake residual deformations of the structures may

be insignificant. Evident stiffness hardening at large drift
levels is observed due to the variation of mechanical
characteristics of SMAs (i.e. martensite hardening).
Comparing the cyclic responses of two six-storey structures
(i.e. figure 6(b) and figure 6(c)), it can be observed that the
variation of SMA bolt length greatly influences the cyclic
response of the structure. The shorter SMA bolts in the six-
storey system (A) yielded earlier than the longer SMA bolts
in the six-storey system (B). This is due to the more
significant axial strain in a shorter SMA bolt under the
identical drift level.

The maximum interstorey drift responses of three
prototype structures under the earthquake motions are shown
in figure 7, and responses under individual earthquake
motion accompanied with the mean responses (indicated by a
blue line) are illustrated. For the three prototype structures,
the maximum elongation of SMA bolts is below 8% under
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the earthquake motions ensemble, and hence all the analysis
results are presumed to be valid. The three-storey prototype
structure undergoes the most intense interstorey drifts when
subjected to earthquake motion LA14 and LA16. According
to figure 5, the spectral accelerations of these two ground
motions are the most significant at the period of 0.70 s, i.e.

the fundamental vibration period of the three-storey structure.

Thus, it appears that the seismic demands of the low-rise
structure are directly related to the vibration characteristics of
the fundamental vibration mode. The six-storey system (A)
experiences the most significant responses under LAI16,
which are inconsistent with the cases with maximum spectral
accelerations according to figure 5. Similar observations are
characterised for the six-storey system (B). These findings
imply that the inelastic demands of a medium-rise HSSF-
SCEDBs are not solely dependent on the spectral
acceleration at the fundamental vibration mode. A practical
approach which quantifies the influential factors affecting the
seismic demands of a HSSF-SCEDB will be presented in a
later section.

Figure 8 gives the residual interstorey drift responses of
the prototype structures under the earthquake motions. To
obtain the actual residual deformation of a structure after an

earthquake motion, additional analysis time is added to allow
for the decay of structural vibration. It is seen that the post-
earthquake residual interstorey drifts are insignificant
notwithstanding that the peak interstorey drifts are generally
above the codified limit (i.e. 2% [44]). In particular, the
maximum residual interstorey drift of the three-storey
structure subjected to twenty earthquake motions is below
0.1%, and the average post-earthquake residual interstorey
drift is generally below 0.03%. As for the two six-storey
structures, the maximum residual interstorey drifts are below
0.2%, and the average residual interstorey drift responses are
generally close to 0.05%. Recalling that the hysteretic
responses of the systems exhibit typical flag-shape without
significant residual deformations for a wide deformation
range (Figure 6), these results are reasonable. In contrast, it
was observed from recent studies that the post-earthquake
residual interstorey drifts of conventional steel moment
resisting frames (MRFs) under an ensemble of design-level
earthquake motions may exceed 0.5% [53]. Thus, the
comparatively more encouraging post-earthquake residual
deformation of a HSSF-SCEDB is confirmed.

1.2 — 1.2 ——
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Figure 6. Cyclic pushover response of prototype structures: (a) 3-storey system, (b) 6-storey system (A) and (c) 6-storey

system (B).
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Figure 8. Residual interstorey drifts: (a) 3-storey system, (b) 6-storey system (A) and (c) 6-storey system (B).

It is of great interest to compare the responses of the six-
storey system (A) and the six-storey system (B) with varied
SMA bolt lengths. As shown in figure 7(b) and figure 7(c),
the average peak interstorey drift and the response dispersion
of the six-storey system (B) under the ground motion
ensemble is more significant than that of six-storey system
(A), notwithstanding that the average spectral acceleration at
the fundamental vibration period of the six-storey system (A)
is higher than that of the six-storey system (B). This
observation indicates that the regained elasticity of SMA
bolts due to “martensite hardening” in the six-storey system
(A) at large deformation levels may contribute to mitigating
the peak deformation demand of the system. Similarly, the
corresponding residual interstorey drift of the six-storey
system (A) is smaller than that of the six-storey system (B).
However, special caution needs to be exercised if a structure
is expected to deform into the martensite hardening stage,
because SMA bolts are exposed to risks of brittle failure
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when subjected to large deformations. In summary, the peak
responses and the post-earthquake residual interstorey drifts
under the ground motions ensemble confirm the potential of
HSSF-SCEDB structures for resilient seismic engineering
application.

5. Multi-mode-based nonlinear static procedure for
quantifying damage-control behaviour and
estimating seismic demands of HSSF-SCEDBs

5.1 Basic assumption

The proposed procedure is developed based on a
fundamental presumption that the seismic responses of a
multi-storey HSSF-SCEDB may be estimated using
equivalent modal single-degree-of-freedom (SDF) systems.
The basic assumptions are listed as follows:
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(1) The inelastic seismic demand of a HSSF-SCEDB can
be quantified by suitable superposition of demands of
equivalent modal SDF systems considering essential modes,
and the coupling effect among modal SDF systems induced
by inelasticity of the system is ignored.

(2) The equivalent modal SDF system corresponding to
higher vibration modes of a HSSF-SCEDB deforms in the
elastic range.

(3) The skeleton pushover response curve of a HSSF-
SCEDB can be reasonably approximated by a trilinear
idealisation, and a “damage-control core” formed by a “flag”
with significant post-yielding stiffness ratio can be utilised to
characterise the hysteretic behaviour of the system deforming
in the damage-control stage.

It is emphasised that the motive of adopting the first two
assumptions is to produce a practical tool for practitioners,
and trade-offs between theoretical rigorousness and practical
simplicity are made. Nonetheless, the adequacy of the two
assumptions in seismic evaluations has been examined
thoroughly by Chopra and colleagues in studies on modal
pushover analysis [54-56]. The rationale and limitation of the
assumptions for evaluating the seismic demand of HSSF-
SCEDBs will be studied in detail in later sections.

5.2 Seismic energy balance of a damage-control HSSF-
SCEDB

Based on the first basic assumption, the seismic demand of a
HSSF-SCEDB can be estimated using an equivalent modal
SDF system. As schematically shown in figure 9, an inelastic
SDF oscillator following the typical flag-shape hysteretic law
[57-59] is used to characterise the fundamental mode of a
HSSF-SCEDB deforming in the damage-control stage. A
modified energy balance equation [60, 61] based on the

e
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classical Housner principle [62] is utilised to quantify the
seismic demand of a HSSF-SCEDB as follows:
7(% ms;) =E, @
where m = mass of the SDF oscillator, Sy = spectral pseudo-
velocity, E, = the nominal absorbed energy determined as the
covered area between the nonlinear skeleton pushover
response and the horizontal axis (figure 9), and y = energy
factor of a flag-shape SDF system defined by the ratio of Ea
to the absorbed energy of the correlated elastic SDF system
with the identical elastic vibration properties (i.e. Ea in
figure 9) under an earthquake motion. The energy factor of a
flag-shape SDF system [63] can be expressed by:
y=x(T: & pg o B)2pt —1+ a(u, —1)°]
V(T & s )
VA(T;€)
where y = damage-control factor, a = post-yield stiffness
ratio of the system in the damage-control stage (i.e. the ratio
of the post-yield stiffness in the damage-control stage to the
elastic stiffness of the system as shown in figure 9), g =
energy ratio determined as the ratio of the height of the
“flag” to the yield strength (Vy), us = ductility quantified by
the ratio of the maximum inelastic displacement (J7) to the
equivalent yield displacement of SCEDBs (dy1), T = period
of the system and & = damping ratio. Note that a constant-
ductility-based method [63, 64] may be used to compute the
energy factor of a flag-shape SDF system. Comparatively, an
elastic SDF system is used to account for the higher vibration
modes affecting the seismic response of the structure
(assumption 2), in which case the energy factor equals unity.

©)

4)

Base shear

Figure 9. Hysteretic rule and energy balance of the system in the damage-control stage.
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5.3 Multi-mode-based nonlinear static procedure

A stepwise procedure is developed based on the energy
balance of modal equivalent SDF systems, and given as
follows:

Step 1: Perform frequency analysis and determine the
elastic vibration properties of a HSSF-SCEDB considering
critical vibration modes, namely the natural period T,, the

effective mass M: , the modal participation factor I, and the

modal vector ¢n. It is recommended that the sum of effective
masses of the considered modes should exceed 90% of the
seismic mass of the entire system. Thus, for typical frame
structures, the first two or three vibration modes may suffice.

Step 2: Conduct modal cyclic pushover analyses for the
fundamental mode and modal monotonic pushover analysis
for the higher vibration modes. The lateral load distributions
corresponding to higher vibration modes given as follows
can be combined with Eq. (1)

F, =me, ©)
where F, = pushover load vector of the higher modes (n= 2,
3...). In this step, the P-A effect should be considered by
including the influence of the gravity load.

Step 3: The HSSF-SCEDB is idealised as equivalent
modal SDF systems considering influential modes.
Specifically, an energy-based method proposed by
Hernandez-Montes et al. [65], which may effectively
eliminate the “reversal phenomenon” of response curves
observed in a conventional force-based pushover method, is
used to develop the “energy-based pushover response
curves” and “nominal energy capacities” for the equivalent
modal SDF systems. Based on “assumption (1)” in Section
5.1, the equivalent energy-based modal SDF systems are
developed respectively by ignoring interactions among
multi-vibrations triggered by inelasticity. Therefore, the
absorbed energy of an equivalent modal SDF system based
on the skeleton pushover response can be quantified using an
incremental approach:

1

AEX
"2

(R +F- (85 -8k ™) (6)

()
where AEr'f = incremental absorbed energy of an equivalent
SDF system at the “kth” step for the “nth” mode and 8, =
lateral displacement profile. Meanwhile, as the absorbed
energy by the equivalent SDF system for the “nth” mode in a
differential displacement Aue, is equal to the work done by
the lateral loads of the “nth” mode, the incremental energy-
based displacement [65, 66] of the “kth” step for the “nth”
mode can be obtained using the pushover database, given by

2AEX
TRV (8)
Vbn +Vbn

EX =Ef" + AES

AUk =

en
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k

uen u:n_l + Au:ﬂ (9)
where Vo = the force of an equivalent SDF system for the
“nth” mode, given by

Vi, =F, -1 (10)
Therefore, the energy-based skeleton pushover responses can
be developed by plotting the base shear against the energy-
based displacement, and the nominal energy capacity curves
can be generated by plotting the absorbed energy against the
energy-based displacement. More detailed derivation of
generating energy-based SDF systems can be found in [65,
66].

Step 4: Idealise the skeleton pushover responses (i.e. base
shear versus energy-based displacement curves) of the
fundamental vibration mode by a multi-linear simplification
based on a target displacement, which is given by

ku 0<u<uy,
V =<aku+(1-a)ky U, <u<u, (11)
aku + (a —n)ku, + (1—n)kuy, u, <u

where k initial slope of the pushover curve, u; =
displacement corresponding to the first inflexion point in the
multi-linear idealisation, u; = displacement corresponding to
the second inflexion point in the multi-linear idealisation,
a = post-yielding stiffness ratio of the damage-control stage,
and 77 = post-yielding stiffness ratio of the post-damage-

control stage. A least-square-based algorithm proposed by
Ke and Chen [15] can be used to determine the multi-linear
idealisation. The governing equations for the simplification
are reproduced as follows:

A
@ (k,u,u,,a ,n) =Z(kui — )%+
i1

A+B+C

+ Z [k (u; = u,) + 17k (U, — ;) + ku, — £))?

i=A+B+1
where A = data point number in the elastic range; B = data
point number in the first post-yielding stage (i.e. damage-
control stage) and C = data point number in the second post-

yielding stage (i.e. post-damage-control stage). U;

A+B

> [ak(u; —uy) +ku, -

i=A+l

fi)l (12)

displacement corresponding to the “ith” data point, fi

force corresponding to the “ith” data point. Therefore, the
trilinear idealisation can be finalised when @ (k,u,,u,,a,7)

reaches the minimum. The deformation corresponding to the
second inflexion point may be used to quantify the boundary
of the “damage-control core”. It is worth noting that yielding
of the HSS frame leads to stiffness reduction at large
displacement, whereas “martensite hardening” of SMA at
large deformations enhances the stiffness. Thus, the second
inflexion point in the trilinear idealisation does not
necessarily quantify a specific performance point (e.g.
yielding inception of the HSS frame or initiation of
martensite hardening of SMA bolts) due to the combined
effect mentioned above.
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Step 5: Quantify the hysteretic parameters (a, £ and us) of
the damage-control core (i.e. the flag) using the cyclic
pushover curves of the fundamental vibration mode up to the
second inflexion point defined as the deformation threshold.
In particular, bilinear idealisation documented in FEMA 273
[67] can be used to idealise the skeleton pushover curve.

Step 6: Determine the energy demand given by

YT G )M SET)  n=L
D= (13)

n>1

(M)

where Sy1 = spectral pseudo-velocity corresponding to the
fundamental mode, Sw spectral  pseudo-velocity
corresponding to the “nth” vibration mode, M; = effective
mass of the fundamental vibration mode, and M, = effective
mass of the “nth” vibration mode. For each vibration mode,
generate the energy demand curve by plotting the energy
demand against the energy-based displacement.

Step 7: Correlate the energy capacity curve with the
corresponding demand curve for each mode, respectively. In
cases where an intersection of the capacity and demand is
achieved below the defined deformation threshold for the
first mode, it is predicted that the damage-control behaviour
of the system can be achieved. Otherwise, it is expected that

n=vn

1|\/| §2
2

the structure will progress into the post-damage-control stage.

In cases where the structure deforms in the damage-control
stage, the peak response demand of the “nth” mode is
computed based on the intersecting point of the energy
demand curve and the corresponding capacity curve.
Specifically, response demand quantities (e.g. peak roof drift
and maximum interstorey drift) may be determined from the
pushover data pool when modal oscillators deform to the
“intersecting point”. The peak response demand of the entire
HSSF-SCEDB is estimated by “SRSS” superposition rule
[54-56], given as follows:

1.2

3-st {
| 3-storey system | 1065

300

0 100 200 400
Energy-based displacement(mm)
(@)

14

1
R= . r)% (14)
n=1
where R = peak response of a damage-control HSSF-SCEDB
and ry response demand of a modal SDF system
considering the “nth” mode. In general, the procedure
integrates the energy-based procedure [60-62, 65, 66] and the
practical attractiveness of the modal pushover procedure [54-
56].

6. Implementation of the procedure

6.1 Damage-control evaluations

The multi-mode-based nonlinear static procedure is used to
evaluate the damage-control behaviour of the prototype
HSSF-SCEDBs subjected to earthquake motions. The
skeleton pushover curves of the prototype structures
corresponding to the fundamental vibration mode up to the
maximum interstorey drift of 4% or the deformation
corresponding to the maximum SMA bolt elongation of 8%,
are extracted and shown in figure 10. The roof displacements
corresponding to the deformation threshold (i.e. the second
inflexion point) are also indicated in figure 6.

The energy factor demands of the prototype structures
considering the fundamental vibration mode are computed,
and the results for the twenty -earthquake motions
accompanied with the mean value are plotted against the
energy-based displacement as shown in figure 11. A
damping ratio of 5% is used to be consistent with NL-RHA
of the structural systems. Unlike the case of conventional
HSSF-EDBs in which the energy factor generally decreases
with increasing inelastic deformations under most earthquake
motions [17], special cautions should be exercised in
scenarios where the energy factor significantly increases with
the energy-based displacement.

1.2
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0 9 | 7’]:079
' 333mm

0 400

200
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Figure 10. Energy-based pushover responses of the fundamental mode: (a) 3-storey system, (b) 6-storey system (A) and (c) 6-
storey system (B).
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Figure 11. Energy factor demand of the fundamental mode: (a) 3-storey system, (b) 6-storey system (A) and (c) 6-storey
system (B).
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Figure 12. Demand and capacity responses: (a) 3-storey system, (b) 6-storey system (A) and (c) 6-storey system (B).

The energy capacity curves (step 3) and energy demand
curves (step 6) are compared, as shown in figure 12. Thus,
the six-storey system (A) is expected to progress to the post-
damage-control stage under ground motion LAO03, LAOS5,
LAO09, LA11, LA14, LA16, LAL7, LA18 and LA20, as the
intersecting points cannot be achieved before the selected
deformation threshold. The effectiveness of the procedure

16

can be justified through comparing the peak roof
displacement by NL-RHAs and the defined threshold given
in figure 13. Note that the roof displacement threshold
corresponds to the second inflexion point of energy-based
pushover responses. As can be seen, the procedure is able to
successfully capture all earthquake motions that push the
structures to the defined post-damage-control stage.
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the proposed multi-mode-based nonlinear static procedure,
and prediction by NL-RHA is represented by oni-rua. The
maximum interstorey drift predicted by NL-RHA is
represented by Oni-rHa, and the counterpart determined from
the multi-mode-based static procedure is represented by
Ownse. Thus, the effectiveness of the multi-mode-based
nonlinear static procedure for predicting the structural
seismic demands of a damage-control HSSF-SCEDB can be
quantified by the ratio of the response quantities determined
by the nonlinear static procedures to that of NL-RHAs (i.e.
the roof displacement ratio and the maximum interstorey
drift ratio), given by

The peak roof displacements estimated by the approximate
procedures are plotted against the counterparts by NL-RHAs,
as shown in figure 14. For a comparative study, predictions
based on the effective mass considering the fundamental

mode is represented by Syspuuyy, and the mass of the entire

structure is represented by Jyspp) . The results show that the

data points are clustered near the forty-five-degree diagonal
line, and the predictions based on the entire mass of the
structure are more conservative compared with the other two

methods. The average ratio &, and the corresponding
coefficient of variation (CoV) considering the ground motion

- ensemble are indicated in figure 14, and the promise for the
s _ Ounse 15 bl dicated in f 14, and th for th
NLRHA multi-mode-based nonlinear static procedure for quantifyin
wnsp = (15 muiti-mode-based nonlinear stat dure f t
N o the roof displacement of a damage-control HSSF-SCEDB is
Gnsp = 2P (16)  confirmed.
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Figure 14. Roof displacement demands: (a) 3-storey system, (b) 6-storey system (A) and (c) 6-storey system (B).
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Figure 15. Interstorey drift demands: (a) 3-storey system, (b) 6-storey system (A) and (c) 6-storey system (B).
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The maximum interstorey drift and the interstorey drift
ratio are given in figure 15. The interstorey drift and the
interstorey drift ratios based on the MNSP using SRSS
superposition and based on the effective mass of the
fundamental mode (M;) are also shown. As shown in the
figure, there is negligible difference between the predictions
by the multi-mode-based nonlinear static procedure using
SRSS superposition and those based on the effective mass of
the fundamental mode (Mi) for the three-storey structure.
This is expected since the influence of higher vibration
modes on the structure is minimal in this case.
Comparatively, the interstorey drift over all storeys is
slightly overestimated using the mass of the entire structure.
For the two six-storey structures, it is observed that the three
approximate procedures generally result in reasonable

a=0.3

[0

estimates of the interstorey drift demands of the systems in
lower storeys, whereas the demands estimated by the multi-
mode-based nonlinear static procedure show enhanced
accuracy in upper storeys. The comparison of interstorey
drift ratios based on multi-modes and those based on the
fundamental modes also implies that the higher vibration
modes may appreciably influence the inelastic seismic
demands of a medium-rise HSSF-SCEDB. This is also
echoed by recent research works on novel self-centring
systems showing typical flag-shape hysteresis [68]. In this
context, the proposed procedure is a promising tool for
damage-control  evaluation and  seismic  demand
quantification of HSSF-SCEDBs affected by higher vibration
modes.
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Figure 16.

6.3 Further analyses and discussions

Computation of the energy factor demand is a basis for
assessing the damage-control behaviour and quantifying the
seismic demand of the representative SDF oscillators. In this
study, further spectral analyses of flag-shape SDF systems
are performed to demonstrate the effect of the hysteretic
parameters and vibration properties on the energy factor
demand of the system.

Representative energy factor spectra of flag-shape SDF
oscillators covering a spectrum of hysteretic parameters and

20

Representative energy factor spectra.

periods under the earthquake motions (i.e. LA01-LA20) are
shown in figure 16. Thus, the period-dependency of the
energy factor and the influence of hysteretic parameters can
be confirmed. The statistical distribution of the energy factor
of SDF systems under twenty earthquake motions is also
indicated by a frequency contour in figure 16 to clarify the
dispersion of the data. As a general remark, the dispersion of
the energy factor is decreased with increasing a, whereas
increases with increasing us. Therefore, the energy factor
demand can be further adjusted by changing the structural
arrangement of a HSSF-SCEDB. For instance, if a large
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deformation range is expected for the damage-control stage,
a correspondingly high post-yielding stiffness ratio is
preferred using a stiffer HSS frame. In this respect, the
proposed procedure may offer a physical base towards an in-
depth interpretation of the interaction between earthquake
motion characteristics and nonlinear structural dynamic
features of a damage-control HSSF-SCEDB.
Notwithstanding the advantages of the proposed procedure,
ignoring the coupling effect among multi-vibration modes of
the system could result in inconsistent prediction of the
seismic demands. This limitation can also be seen by
revisiting the predicted demands under individual ground
motion, as given in figure 15, which has also been observed
in previous works on modal pushover analysis procedures
[54-56]. Thus, the proposed multi-mode-based nonlinear
static procedure may not be applicable for predicting
demands of a damage-control HSSF-SCEDB subjected to
individual earthquake motions.

7. Conclusions

A proof-of-concept study to enhance the high strength steel
(HSSF) moment resisting frames using self-centring energy
dissipation bays (SCEDBSs) equipped with superelastic shape
memory alloy (SMA) connections is conducted. The seismic
performance of prototype structures is examined by pushover
analysis and nonlinear response history analysis (NL-RHAS)
using a set of earthquake motions. The damage-control
behaviour of the system and essential seismic demand
indices including the maximum interstorey drifts and post-
earthquake residual interstorey drift are examined in detail. A
multi-mode-based nonlinear static procedure motivated by
the modified energy balance principle is developed enabling
seismic demands evaluation of the novel structure subjected
to expected earthquake motions. The essential findings and
conclusions are drawn as follows:

(1) The prototype HSSF-SCEDBs exhibit multi-yielding
stages under hysteretic loading scenarios, and a
damage-control core characterised by flag-shape
hysteresis with significant post-yielding stiffness ratio
can be extracted from the responses curves. The
comparison between the two structures with varied
connection design but identical structural arrangement
confirms that the hysteretic characteristics of the
damage-control core can be readily modulated by
adjusting the connection detail (e.g. the length of the
SMA bolts in the connection).

(2) The NL-RHA results of the prototype structures offered
evidence that the HSSF- SCEDBs can achieve
encouraging recentring behaviour with negligible post-
earthquake  residual  deformations even  after
experiencing peak deformations beyond the codified
deformation threshold (i.e. 2% documented in current
Chinese seismic provisions [44]).

21

(3) The nonlinear dynamic seismic responses of a HSSF-
SCEDB is sensitive to the structural behaviour of the
SMA connections. The maximum interstorey responses
of the systems imply that the uncertainty of inelastic
seismic demands of the structures subjected to
earthquake motions might be amplified by a damage-
control core with wider deformation spectrum (i.e. a
wider plateau of the “flag”).

Good agreement between the seismic demand quantity
predictions of the prototype structures by the multi-
mode-based nonlinear static procedure and those by the
NL- RHAs confirms the adequacy of the method for
evaluating the damage-control behaviour of a HSSF-
SCEDB and quantifying the peak seismic demands of
the system (e.g. peak roof displacement and maximum
interstorey drift). The comparison between the seismic
demands by the proposed procedure considering multi-
modes and those by the fundamental mode highlighted
the influence of higher vibration modes on a medium-
rise HSSF-SCEDB.

(5) The energy factor spectra of oscillators representing
damage-control HSSF-SCEDBs covering a wider
spectrum of parameters show that the seismic demands
of a damage-control HSSF-SCEDB can be adjusted by
modulating the structural arrangement to achieve
preferable nonlinear characteristics.

Statistical analysis results of the energy factor show that
increasing the target ductility leads to more evident
dispersion of the seismic demand quantities, but an
increasing post-yielding stiffness ratio in the damage-
control stage contributes to mitigating this effect, which
can be realised by enhancing the lateral stiffness of HSS
frames.

(4)
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Appendix A

The rationality of using the modelling techniques for
reproducing the behaviour of HSS members can be verified

gleaned from the test database are compared with FE
predictions, as shown in figure Al. The symbols of the joints
are shown in figure A2. A reader may refer to [15] for
detailed information on the experimental programme.

using a large-scale test on a HSS frame made of Q460 steel.
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Figure A1l. Comparison between test results of HSS frames [15] and FE predictions.
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Figure A2. Location and designation of joints.
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