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Abstract

Post-earthquake financial loss of structures induced by residual inter-story deformation (RID) has been recently
noticed and various strategies have been proposed. A newly-emerged energy-dissipation material, namely, iron-
based shape-memory-alloy (Fe-SMA), has gain favor in civil engineering community due to its extraordinary low-cycle
fatigue resistance property. Besides, Fe-SMA is believed to help improve structure’s post-earthquake residual inter-
story deformation control capacity due to its moderate strain hardening behavior and pseudo-elasticity. This study
explores the performance of emerging steel frame systems equipped with energy-dissipation devices fabricated with
Fe-SMA. In particular, a brace with built-in Fe-SMA-based U-shaped strips (USSs) is employed serving as the energy-
dissipation devices in the proposed system. In this paper, the basic mechanical properties of Fe-SMA are discussed
firstly, followed by a description of the working principle of the USSs. The hysteresis behavior of two types of USSs,
fabricated with Fe-SMA and conventional mild steel (Q235), were investigated experimentally. Based on the test
results, numerical models for the prototype braces equipped with USSs are established using ABAQUS and OpenSEES,
and the necessary key material parameters are calibrated. Subsequently, system-level analysis is performed on 5-story
prototype steel buildings. Specially, two types of steel frames, i.e., frames with high-strength-steel columns and frames
with conventional structural steel-based columns, are established. Concurrently, braces with Fe-SMA-based USSs as
well as mild steel-based USSs are considered. The results demonstrated that the Fe-SMA-based energy-dissipation
devices along with the steel frames with high-strength-steel columns can provide the most satisfied RID control effec-
tiveness compared with the other yielding structural systems investigated in this paper.

Keywords Iron-based shape memory alloy (Fe-SMA), Fe—-Mn-Si-Cr-Ni alloy, U-shaped damper, Seismic performance,
Residual inter-story deformation (RID)

Introduction

Buildings designed by conventional seismic design phi-
losophy (so-called conventional yielding structural sys-
tems) have been proven to be safe during earthquakes.
However, post-earthquake recoverability cannot be guar-
anteed. For example, hundreds of buildings that did not
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collapse were demolished after the 2011 Christchurch
earthquake [1] due to unacceptable damage and excessive
residual inter-story deformation (RID). The 1995 Kobe
earthquake [2] led to the removal of more than 90 non-
collapsed reinforced concrete (RC) bridge piers whose
residual drifts exceeded 1%. Since post-earthquake loss
induced by large RID (larger than 0.5%) is often difficult
to deal with [3], it is critical to consider residual defor-
mation as a supplementary seismic performance index in
structural design.

Driven by this demand, the concept of self-center-
ing structural system providing a controllable RID for
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post-earthquake structures has been proposed. Existing
self-centering strategies are mainly realized by utilizing
self-centering prestressing assemblies, super-elasticity
materials, or self-centering tendency induced by gravity
[4—9]’Flag-shaped’ hysteresis behavior with negligible
residual deformation (near zero) is achieved because of
these self-centering strategies. Ricles et al. [6] developed
post-tensioned moment-resisting connections with seat
angles serving as energy-dissipation source. Christo-
poulos et al. [10] proposed a new self-centering energy
dissipative bracing system with tensioning elements
and friction pads involved. Tsai et al. [11] proposed a
post-tensioned steel beam-to-column connection con-
structed with bolted web friction devices. Chou et al.
[12] proposed and investigated a dual-core self-centering
sandwiched buckling restrained brace with enhanced
deformability. On the other hand, self-centering strat-
egy that utilizes super-elasticity materials, specifically,
NiTinol-based shape memory alloy (NiTi-SMA), has
been investigated in recent 20 years. Fang and colleagues
systematically explored the effectiveness of NiTi-SMA-
based elements such as cables [13, 14], washers [15, 16],
ring springs [17, 18] and bolts [19], for promoting the
self-centering capability of steel frames. Qiu and Zhu [20]
experimentally investigated the seismic performance of
steel frames equipped with NiTi-SMA braces. Outstand-
ing RID control capacity is confirmed for such frames
even if the peak inter-story drift (PID) ratio exceeded 2%.
Additional energy dissipative materials/elements have
been considered in these strategies. For example, Chen
et al. [21] proposed a novel variable friction damper that
cooperate the NiTi-SMA cables and friction devices. Ping
et al. [22], and Zhang et al. [23] proposed NiTi-SMA vis-
coelastic hybrid self-centering braces to reach a moderate
damping ratio. System-level analyses demonstrate that
the PID and RID can be effectively controlled by such
solutions.

Satisfied RID control capacity is achieved by self-
centering strategy, nevertheless, problems still exist
when taking the following issues into consideration: 1)
It has been revealed that the self-centering capability
of the aforementioned self-centering structural system
is achieved at the cost of decreased energy dissipation
capacity, amplified peak deformation response, more
pronounced high-mode effect and larger peak absolute
floor acceleration, especially compared with those of
conventional yielding systems [23]. 2) The ductility of
self-centering structural system is limited by the ultimate
elastic deformation range of self-centering components,
beyond which range the structure may face the risk of
sudden fracture under strong earthquakes [24]. 3) The
poor low cycle fatigue (LCF) resistance of self-centering
components should be seriously concerned, especially
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when self-centering structures are exposed to long-dura-
tion long-period earthquakes followed by aftershocks
[25]. 4) The temperature dependence of NiTi-SMA and
high cost may also jeopardize the practical application of
NiTi-SMA [26, 27].

Based on these considerations, a new strategy that pos-
sess sufficient energy-dissipation capacity, ductility, and
reasonable RID control capacity, needs to be proposed.
Iron-based shape memory alloy (Fe-SMA) [25] may serve
as a promising material to realize this idea. As shown in
Fig. 1, the energy-dissipation capability of Fe-SMA is
comparable to conventional mild steel and significantly
higher than NiTi-SMA. Compared with conventional
steels, Fe-SMA has a higher post-yield stiffness, which
has been reported to be beneficial for reducing post-
earthquake residual deformation of structures under
seismic excitations [28]. Importantly, Fe-SMA possesses
a certain degree of pseudo-elasticity behavior, a property
which further contributes to reduction of residual defor-
mation during dynamic shake down. On the other hand,
Fe-SMA could have 5-10 times LCF life than that of
conventional steels, a property which is attributed to its
unique diffusionless solid state phase transformation [29].
In addition, Fe-SMA features good ductility (as typically
shown in Fig. 2) [30], which provide sufficient room for
components to deform under large amplitudes induced
by severe earthquakes. These characteristics, along with
its inherently low cost (probably comparable to that of
stainless steel) [25], make Fe-SMA an ideal candidate for
producing energy-dissipation (ED) devices in seismic
resistance community. Laboratory-level experiments on
Fe-SMA-based dampers, although limited, have been car-
ried out. For example, Inoue et al. [31] investigated the
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Fig. 1 Cyclic engineering stress—strain curves for Fe-SMA, mild-steel
and NiTi-SMA [36]
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Fig. 2 Monotonic engineering stress—strain curves for Fe-SMA and
some typical structural steels [25]

cyclic response of Fe-SMA-based buckling-restrained
braces (BRBs). Ghowsi et al. [32] further studied the dis-
placement ductility and energy-dissipation capacity of
Fe-SMA-based BRBs. Fang et al. [30, 33, 34] carried out a
series of proof-of-concept experiments on Fe-SMA-based
shear damper and U-shaped damper and proved the out-
standing LCF resistance of these novel metallic dampers.
Wang and Zhu [35] conducted a systematic experimental
investigation of the cyclic behavior of Fe-SMA bars with a
buckling-restrained device. In practice, the first success-
ful field application of Fe-SMA-based damper was the JP
Tower, Nagoya, Japan, 2015 [31].

It can be seen that system-level analysis of Fe-SMA-
based structures is still limited. To provide an in-depth
insight into the seismic resistance performance of
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Fe-SMA-based ED devices (FED) in steel frames, two
types of ED devices, i.e, FED and conventional mild-
carbon-steel-based ED devices, are investigated in this
study. Emerging steel frames with columns of different
steel grades [37] are examined in this study. Specially, the
considered kernel ED devices are U-shaped strips (USSs)
which are installed inside chevron braces of the steel
frames.

This paper begins with a description of the work-
ing principle and representative cyclic test results of
USSs. Finite element simulations are carried out based
on ABAQUS software. Followed by this, the configura-
tion and working mechanism of the brace with USSs are
introduced, and its mechanical behavior is simulated.
The hysteresis behavior of the braces is also simulated via
the nonlinear finite element program OpenSEES [38] to
facilitate system-level analysis, where necessary material
parameters are calibrated. Finally, a system-level analysis
is conducted to investigate the seismic response of the
proposed systems under different hazard levels. Limita-
tions and future works are also discussed.

Fe-SMA-based USS

Working principle of USS

In practice, USSs (as shown in Fig. 3) can be installed
in the space between the beam and the top of chevron
braces in building structures or between the deck and the
top of the piers in bridges [39]. In these typical applica-
tions, the USSs serve as multi-axial ED devices since they
could deform in any direction when structures are excited
by earthquakes. Accordingly, the deformation can be
categorized into in-plane and out-of-plane deformation
modes, as shown in Fig. 4. In the present study, the USSs
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Fig. 3 lllustration of a USS

&~



Zhang et al. J Infrastruct Preserv Resil (2023) 4:6

Page 4 of 21

In-plane deformation
Fig. 4 Deformation modes of a USS

are assumed to be installed in the inverted-V-type braces
and are designed to be deformed in an in-plane mode.

As illustrated in Fig. 3, a USS can be divided into three
segments, i.e., the upper straight segment, the half-circle
segment and lower straight segment. The key geometric
parameters of a typical USS include the length (L) of the
upper and lower straight segment, internal radius (R) of
the half-circle segment, the width (w), the thickness (£) and
the height (H=2R+t) of the USS. When the USS works,
its upper and lower straight segments deform in two oppo-
site directions, and the straight segment and half-circle
segment are warped and straightened alternately under
cyclic loading. The deformation mode of a USS is usually
deemed as a ‘rolling-bending’ motion mode, that is, the
two plastic zones/hinges (see Fig. 5) moves along the USS,
through which the input energy is dissipated.

Theoretically, only the bending moment effect is
considered for establishing the formulation of USS’s
damping force, and the axial and/or shear deformation
effects can be ignored [40]. Assuming that the deforma-
tion of the USS concentrates on the two plastic hinges

Out-of-plane deformation

(shown in Fig. 5), the theoretical damping force Fyss
can be derived from the conservation of energy:

Fyss x 8p =2 X My, x 6, (1)

where M, 6, and §; are the plastic moment, plas-
tic rotation and plastic displacement, respectively, as
shown in Fig. 5. It is suitable to assume the USS as a
curved beam, thus the plastic moment Mj can be

expressed as:
wx t? x o
= P 2)

where o}, is the plastic stress of the USS.
The relationship between the plastic rotation and the
plastic displacement can be theoretically expressed as:

dp R2XR X0 (3)

The ‘yield’ force Fuss,y of the USS can be calculated by
substituting Eqgs. 2 and 3 into Eq. 1:

Upper plate ) . M, ep

Lower plate

Bolt

Fig. 5 lllustration for working principle of USS
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Fig. 6 Geometry of the Fe-SMA tensile-test coupon and test set-up
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where oy is the yield stress of the USS. It can be seen
that the width, the thickness, and the radius of the half-
circle segment determine the damping force of the USS.
In the following subsection, the USSs were designed with
varying thicknesses and radii, whereas the width is kept
identical for all specimens.

Experimental study

Tension coupon tests were conducted firstly to inves-
tigate the basic mechanical properties of Fe-SMA. The
chemical composition of the considered material was
Fe-17Mn-5Si-10Cr-5Ni (wt%), which has been proven to
possess outstanding LCF resistance [33, 34]. A detailed
description of the production process of the Fe-SMA
can be found in [30, 34]. The Fe-SMA was received in
the form of plate, which was further manufactured to the
specified geometric shapes for monotonic tension test.
The monotonic test was conducted on an MTS electro-
hydraulic servo actuator with a maximum force of 250
kN. A 25-mm gauge length extensometer was used to
monitor and control the loading process. The configura-
tion of the monotonic tension coupon, along with the test
set-up, is illustrated in Fig. 6.

Followed by the material test, a series of proof-of-concept
experiments on Fe-SMA-based USS (Fe-SMA-USS) speci-
mens were conducted. The Fe-SMA-USSs were ordered
from the same supplier. The Fe-SMA raw plates were pro-
cessed by surface grinding, wire cutting, drilling, cold-bend-
ing, heat setting treatment and finally deburring to form into
the shape of Fe-SMA-USS. For comparison, a batch of mild-
carbon steel Q235 was also ordered for manufacturing USS
specimens, namely, Q235-USS. Cyclic tests were carried out

and a displacement-controlled incremental loading protocol
was applied with a displacement interval equal to A=5mm.
The loading began with two cycles each at A, 2A, 3A, 4A,
5A,6A,7A, and the cyclic loading was continued at the last
displacement amplitude until fracture (see Fig. 7). The tests
were conducted under quasi-static cyclic loading condi-
tion with a loading rate of 2 mm/s. It is noteworthy that a
steel frame (see Fig. 8) was specially designed for the cyclic
loading test of the USS specimens. When testing, the upper
clamping end of the steel frame was fixed while the lower
clamping end moved, making the USS specimens deform
in parallel. The effective length L.; may be defined as the
length between the hole edge and end of the half-circle seg-
ment (as shown in Fig. 3). For clarification, the specimens
were labeled by material type, i.e., ‘F’ for Fe-SMA and ‘Q’ for
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Fig. 7 Loading protocol for USS specimen
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Fig. 8 Test setup for USS and specially-designed steel frame

Table 1 Measured geometrical dimensions of the USS specimens
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Upper clamping end

Lower clamping end

Table 2 Mechanical properties of different metals under monotonic

loading
Specimen Code w/mm  Lg/mm  t/mm  R/mm Metal E/GPa f,/MPa f,/MPa &,/% &/%
Fe-SMA-USS F-19-6-35 19.95 35.00 547 19.26 Fe-SMA 180 248 695 5921 6344
F-20-4-35 19.91 35.00 392 20.04 Mild-carbon steel Q235 208 264 419 2461 3828
F-20-4-50 19.93 55.00 393 20.04 Low-yield-point steel 202 246 312 36.27 4723
Q235-USS  Q-19-6-35 1996 3500 5.37 19.32 LyP225
Q-20-4-50  19.96 55.00 4.00 20.00 Note: E is the elastic modulus; f, is the nominal yield stress (o, , for Fe-SMA); f,

Q235, followed by ‘R-t-L ¢ according to their design geom-
etries. The measured geometrical dimensions of the USS
specimens are listed in Table 1.

Test results and discussion

Material test result

The monotonic engineering stress—strain curve of the
investigated Fe-SMA, along with that of some typical
structural steel (i.e., low-yield-point steel LYP225, mild-
carbon steel Q235 and high-strength steel Q690), has
been plotted in Fig. 2, and the corresponding mechani-
cal properties are summarized in Table 2. It can be seen
that the ductility property of Fe-SMA is outstanding,
with a fracture strain of more than 60%. This strain value
is even larger than that of the widely-used low-yield point
energy-dissipation material LYP225. Figure 9 shows a
dimple-featured fractography for the fractured surface
of the Fe-SMA monotonic tensile coupon, indicating a
ductile fracture mode characterized by Fe-SMA. Com-
pared with other structural steels plotted in Fig. 2, there

is the ultimate stress; g, is the strain corresponding to ultimate stress; & is the
strain corresponding to the total-fracture

is no yield plateau observed for Fe-SMA, thus its nominal
yield stress is defined as the stress corresponding to the
0.2% offset strain, i.e., g, 5. It can be seen that the nominal
yield strength of the Fe-SMA is comparable with that of
Q235 and LYP225. On the other hand, a strong post-yield
strain hardening behavior is observed for Fe-SMA, which
is different from other metals.

Hysteresis behavior of USSs

The number of cycles to failure of the Fe-SMA USSs
and Q235-USSs is listed in Table 3. The fatigue lives
of the Fe-SMA-USSs are on average about 5 times of
those of the Q235-USSs. The fatigue life of the 19-6-
35 series specimens is about half of that of the 20—4-
35 series, whereas a small difference is observed for the
fatigue life between the 20-4-35 series and 20-4-50
series specimens, indicating that R and ¢ may have a
more significant effect on the fatigue life than L4 This
phenomenon can be explained by Fig. 10 which shows
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Fig. 9 Fractography of Fe-SMA monotonic tensile coupon

Table 3 Fatigue lives of the tested USS specimens

Specimen Numbers
of cycles to
failure

F-19-6-35 108

F-20-4-35 200

F-20-4-50 228

Q-19-6-35 25

Q-20-4-35 41

Q-20-4-50 41

the contour of equivalent plastic strain (i.e., PEEQ in
ABAQUS) of the studied USSs at the same displace-
ment. Compared with the 20-4-35 series and 20-4-50
series USSs, the 19-6-35 series USS with a lower R/t
ratio exhibits a larger plastic strain accumulated in the
region of the inner surface of the yielding zone. This
indicates that it takes less displacement (or the number
of loading cycles) for the 19-6-35 series USS to accu-
mulate the local plastic strain to the fracture threshold
value than the other two series USSs with higher R/t
ratios. Once the crack initiates, the crack propagates
quickly and only a few displacement/cycles occurs at
final failure. It is also of interest to observe that a longer
L 4 provides more a controlled accumulation of plastic

strain under the same loading conditions, as shown in
Fig. 10b-c, suggesting that a longer fatigue life may be
achieved with an increased L4 For example, the fatigue
lives of specimens F-20-4-35 and F-20-4-50 are 200
cycles and 228 cycles, respectively, as listed in Table 3.

The typical hysteresis responses of the USSs under in-
plane loading are plotted in Fig. 11. A symmetric load-
deformation behavior is observed. It can be seen that the
hysteresis loops (see Fig. 11) and the positive peak forces
(see Fig. 12a) of 20—4-50 and 20-4-35 series specimens are
almost the same, indicating that the length of straight seg-
ment has no influence on the mechanical behavior of the
USS. In practice, the length of the straight segment should
not be too short since this parameter controls the deforma-
tion capacity of USS.

The typical skeleton curves that link the tip of the hys-
teresis loops of specimens F-19-6-35 and Q-19-6-35 are
plotted in Fig. 11. It can be seen that the post-yield stiffness
of the skeleton curve of Fe-SMA-USS is higher than that of
Q235-USS. A dimensionless index, i.e., equivalent viscous
damping ratio (EVD), is employed to represent the energy-
dissipation capacity, as expressed as [41]:

Wb

EVD=
47 WE (5)

where Wp is the absolute area enclosed by the hys-
teretic loop per cycle; and Wg is the energy stored in

PEEQ
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Fig. 10 Contour of the equivalent plastic strain of USSs of a 19-6-35 series, R/t=3.17; b 20-4-35 series, R/t=5; and ¢ 20-4-50 series, R/t=5. With
15 mm in-plane displacement applied
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Fig. 11 Cyclic test results of USS specimens

the corresponding linear system. The calculated EVD
results of the USS specimens are plotted in Fig. 12b.
The EVDs of the Fe-SMA-USSs are on average 15%
lower than those of the Q235-USSs because the shape
of the hysteretic loops of Fe-SMA-USS is not as plump
as that of Q235-USS. This is mainly due to the higher
peak force and pseudo-elasticity phenomenon exhib-
ited by Fe-SMA. The accumulated energy-dissipation
capacity of the two types of USSs are further com-
pared in Fig. 13. It can be seen that although the sin-
gle cycle energy dissipation of Fe-SMA-USSs is lower
that of their Q235 counterparts, the total energy dis-
sipation of the Fe-SMA-USSs is about 5 times that of
the Q235-USSs. Again, this phenomenon results from
the extraordinary long LCF life of the Fe-SMA-USSs
(as summarized in Table 3). Another interesting find-
ing is that the peak forces of the Fe-SMA-USSs are
kept stable until a sudden load-drop occurred, whereas
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the peak forces of the Q235-USS decreases slowly
before total fracture, indicating that the crack propa-
gation pattern and the fracture mode may be different
between these two types of USSs.

Finite element simulation of USS

Finite element simulation of the USS was conducted
to serve as a validation study for the follow-up sys-
tem-level analysis considering USS-based energy-
dissipative braces (hereafter referred to as brace).
The simulation work was performed with ABAQUS
software [42]. As shown in Fig. 14, a 3D finite ele-
ment model was established, where the C3D8R solid
elements which consider reduced integration and
hourglass control were employed. Part of the specially-
designed frame was modeled as rigid body since the
frame is essentially elastic. The ‘preload’ command
was used to simulate the preload condition of the
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Fig. 13 a Energy dissipation amount per cycle; and b Total energy dissipation amount of USS specimens

high-strength bolts. The interaction among the bolts
were modelled via ‘hard contact’ option in the normal
direction and ‘penalty’ friction (with a friction coef-
ficient of 0.3) in the tangential direction. As shown
in Fig. 14, two reference points (RPs) were set at the
two ends of the steel frame, and the upper and lower
beams of the steel frame were then coupled to the RPs.
The displacement-controlled in-plane loading (the

loading protocol was consistent with the test program)
was applied at the lower beam while a completely fix
boundary condition was applied at the upper one.

A combined isotropic-kinematic hardening rule [43],
which has been proven to be efficient in describing the
cyclic response of the metal under reverse loading, is
adopted. The inelastic behavior is defined by the change of
yield surface f and is defined as:
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(Ux=Uy=URx=URy=URz=0, Uz=Disp)

Fig. 14 Meshed finite element model and boundary conditions of

uss

f= \/;(Sk_“k)(sk_“k)_go (6)

where Sj is the deviatoric stress tensor; o is the
backstress vector; o ¥ is the yield stress.

The kinematic hardening rule is often described in terms
of backstress vector «, which can be described as [43]:

B
o= Z(xk (7)
k=1
C
daj = —g(a —a)de? — yraye? (8)
o

where C; and y; are material parameters to be cali-
brated; d¢? and €” are the incremental and current equiv-
alent plastic strain, respectively, where ¢ = ,/ %85 . 85 ;0
is the stress vector; B is the total number of the back-
stresses. It is suggested that a more accurate simulation
can be achieved as the number of backstresses increases,
which of course requires a greater cost in the calibration
process.

The evolution of the isotropic hardening component
is described by o:
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o’ =o0lo +Qoo<1—€7b€p> ©)

where o is the yield stress at zero plastic strain; Qo
is the maximum size of the yield surface; b is the rate at
which the size of the yield surface changes for increasing
plastic strains. The constitutive model parameters that
define the hysteresis response under the tested incre-
mental loading protocol were determined through sev-
eral back-calculation processes against the experimental
results. The calibrated parameters are listed in Table 4.
As shown in Fig. 15, there is a good agreement between
the experimental and numerical results, indicating the
feasibility of the calibrated parameters for capturing the
cyclic behavior of the USS specimens.

Behavior of brace in this study

Assembly and working principle of brace

The studied brace assembly is schematically shown in
Fig. 16. The configuration of such brace was first proposed
by Taiyari et al. [39]. The brace employed USSs as its kernel
energy-dissipative elements. The brace components include
the outer tube, the Z-shaped inner plate, end-plate, con-
nection plate and tightening nuts. On one side of the brace,
the connection plate was welded to the end-plate, while the
end-plate was further welded to the Z-shaped inner plate.
On the other side of the brace, another connection plate
was welded to the outer tube. Bolt-holes were reserved in
the connection angles and connection plate.

During assembly, one of the straight segments of the
USS is first connected to the Z-shaped inner plate, by
either fillet welding or bolting, and the other straight seg-
ment is connected to the outer tube. The entire assembly
process can be prefabricated in the workshop. The brace is
finally connected to the main frame by connection plates.

The working principle of the brace is demonstrated in
Fig. 17. For ease of description, it is assumed that the outer
tube is completely fixed. When a brace works, the inner
part is ‘pulled’ or ‘pushed’ along the longitudinal direction
of the brace. The relative displacement between outer tube
and inner plate deforms the USSs (with an in-plane mode)
which are located between them. Theoretically, the total
damping force of the brace is simply provided by the USs
installed in it, although there may exist some inevitable
friction in practice. It is noteworthy that the number of the
USs can be adjusted according to the design requirement.

Table 4 Calibrated cyclic constitutive parameters for simulating USS specimens on ABAQUS

Specimen oo/ MPa Qx/ MPa b Ci/ MPa Vi Cy/ MPa 1%}
Fe-SMA-USS 160 80 35 20,000 180 1000
Q235-USS 235 55 20 60,960 450 0
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Fig. 15 Representative comparison between test results and finite element simulation result of USS specimens

Numerical modeling and parameter calibration for brace
Component-level simulation of brace was carried out.
The brace was designed to be placed diagonally in a
3 m span and 3 m height frame bay, whose dimension
is consistent with the prototype building in the system-
level analysis which is discussed later. The Z-shaped
inner plate was designed to be thick enough (30 mm in
this paper) to avoid local bucking under cyclic loading.
The key dimensions of the prototype brace are shown
in Fig. 18. As mentioned above, the number of USSs
installed in the brace can be determined according to the
load demand. For the brace designed in this paper, 5 to
8 USSs are suggested with the consideration of both the
space restriction and the capacity of providing necessary
damping force. Table 5 gives the design information of
brace considering different number of USSs. The configu-
ration of the USS can be referenced in Figs. 16 and 18.
ABAQUS was first used to obtain the cyclic behavior
of the ‘full-scale’ braces used in the prototype build-
ings. Two types of braces, i.e., brace adopting Fe-SMA-
USSs (denoted as Fe-SMA-brace), and brace adopting
mild-carbon-steel-based Q235-USSs (denoted as
Q235-brace), were simulated. A total of six USSs were
installed in each brace. The element type, the material
properties as well as the interaction options for estab-
lishing the brace models are identical to the modelling
method that has been validated in Section Finite ele-
ment simulation of USS. The minimum mesh size is
determined as 9 mm to seek balance between calcula-
tion efficiency and accuracy. Incremental loading pro-
tocol with a step interval =30 mm is employed for the
displacement-controlled loading process. The simulated

hysteresis loops for the full-scale Fe-SMA-brace as well
as Q235-brace are plotted in Fig. 20.

After obtaining the behavior of the individual brace
through ABAQUS, the cyclic behavior of the brace is
further simulated via OpenSEES [44] to facilitate sys-
tem-level analysis. As shown in the right part of Fig. 19,
a truss element constructed with a uniaxial material
property is utilized to simulate the mechanical behavior
of the brace. Owing to the multiple adjustable param-
eters and excellent capability of accurately captur-
ing the hysteresis behavior, the UV Cuniaxial material
command in OpenSEES is adopt. This model is based
on the Voce isotropic hardening law and the Chabo-
che kinematic hardening law which have been intro-
duced above. Based on the ABAQUS results, the model
parameters for analysis at system level were determined
through several rounds of trial-and-error iterations to
achieve a satisfied fitting agreement. The calibrated
UVCuniaxial parameters for the Fe-SMA-brace and
Q235-brace trusses are listed in Table 6. Figure 20
shows the comparison between the simulation results
provided by ABAQUS-3D finite element model and
that by OpenSEES-2D truss element model. It can be
seen that the calibrated UVCuniaxial material param-
eters are capable of capturing the mechanical behavior
of the brace simulated by truss element.

System-level analysis

Prototype buildings

A series of system-level analyses are conducted to
understand the fundamental performance of the frames
equipped with FED under earthquakes. The analysis
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Fig. 16 Three-dimensional schematic illustration of brace

was performed on four 5-story concentrically braced
prototype steel buildings with different boundary frame
types and different ED systems:

1) HSSE-FED: steel frames with high-strength steel col-
umns (Abbreviated as HSSF), and equipped with Fe-
SMA-based ED system (Abbreviated as FED);

2) HSSE-ED: steel frames with high-strength steel col-
umns, and equipped with conventional mild-steel-
based ED system;

3) SE-FED: steel frames with conventional mild steel
columns (Abbreviated as SF), and equipped with Fe-
SMA-based ED system;

4) SF-ED: this is the most commonly used structural
scheme, that is, steel frames with conventional mild
steel columns and equipped with conventional mild-
steel-based ED system.

In this work, the investigated Fe-SMA-brace and Q235-
brace are adopted as the FED and conventional ED sys-
tems, respectively. It is noted that the nominal yield
strength and the axial stiffness of the Q235-brace are
comparable to those of the investigated Fe-SM A-brace, as
summarized in Tables 6 and 7. In other words, the main
difference in the behavior between the Q235- and Fe-
SMA-brace is the strain-hardening law under cyclic load-
ing, in addition to the difference in the unloading path.

Design and modeling of prototype buildings

Modal-response spectrum analysis is conducted to calcu-
late the required base shear and to determine the mem-
ber sizes of the main-frames. The frames are assumed to
be located at a stiff soil site (site class D) in Los Ange-
les. The importance factor I, the response modification
coefficient R and the deflection amplification factor C,
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Fig. 18 Key dimensions of prototype brace (units in mm)

are taken as 1.0, 8.0, and 5.0, respectively. The design
response spectral values Spis = 3/2Sps = 2.064g, and
Swm = 3/28p1 = 1.061g (where g represents gravita-
tional acceleration), are considered.

2D frames that represent half of the structures in the
North—South (NS) direction are established, as shown
in Fig. 21. The plan and elevation views of the build-
ings, together with the sizes of the main components at

different stories, are listed in Table 7. All these frames
are designed to have the same architectural dimensions,
where the typical bay width is 9.15 m and the story height
is 3.96 m. Q345 steel with a nominal yield strength of
345 MPa is adopted for the conventional steel frame col-
umns, while Q550 steel (a class of high-strength steel)
with a nominal yield strength of 550 MPa was employed
for the HSSF columns. The nominal yield strength of the
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Table 5 Design information of brace

Brace type Number of Initial yield force  Spacing

USSsinstalled  of brace / kN between USS

/mm

Fe-SMA-brace 5 325 1100

6 390 1100

7 455 775

8 520 775
Q235-brace 5 326 1100

6 391 1100

7 456 775

8 521 775

beams for all these frames is 248 MPa. In this paper, it
is preliminarily assumed that the total yield resistance
of the cross-section of the high-strength steel column is
equal to that of the column with normal steel. For each
frame, three column sizes are used along the height. The
corresponding splicing joints are located at the height
of 5.79 m and 13.71 m, as represented by the black dots
in Fig. 21. The braces are installed at the exterior bays of
the boundary steel frames with a chevron arrangement.
The arrangement of the braces is identical for all the con-
sidered frames. The detailed information of the braces is
listed in Table 7. Subsequently, nonlinear response his-
tory procedure conforming to the ASCE 7-16 [45] is
conducted to doublecheck whether the inter-story drift
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responses are within the codified threshold, ie., 2.0%
under the design-based earthquake (DBE).

Nonlinear dynamic analysis is carried out with the
OpenSEES platform [44]. Pin connections are assumed
for the beam-to-column connections located at the right-
most external column (see Fig. 21) and rigid connections
are assumed for the remaining beam-to-column connec-
tions. The bases of the columns are fixed to the ground.
Displacement-Based Beam-Column Element is used to
simulate the boundary frame members, and Stee/01 mate-
rial with idealized kinematic hardening property is utilized.
The gravity load is properly applied to the frame through
an axially rigid leaning column to account for the global
P — A effect. The leaning column is comprised of pin-to-
pin segment and is modelled by EqualDOF command. The
braces are simulated by truss elements and the correspond-
ing key parameters are taken from Tables 6 and 7. The first
three fundamental periods of vibration of the investigated
frames are listed in Table 8. A Rayleigh damping ratio of 5%
is assumed for the first three modes. In the numerical sim-
ulation, the Newton algorithm and Newmark integration
method are employed for transient analysis.

Ground motions

Nonlinear time-history analysis was performed to evalu-
ate the seismic behavior of the considered frames under
earthquake ground motions. A group of twenty ground
motion records were adopted from the PEER NGA data-
base. These ground motions were selected and scaled to

Element:
Truss

Node i
Materialﬁ

UV Cuniaxial
Node i

Fig. 19 Simulation for brace based on ABAQUS (left part) and OpenSEES (right part) platforms

Table 6 Calibrated UVCuniaxial parameters for the brace truss

Brace type E/ GPa fy/ MPa Qint/ MPa b N Cy/ MPa 2l Cyo/ MPa V2 Din¢/ MPa a
Fe-SMA-brace 180 272 14 4.2 2 12,435 94.04 10,434 62.93 0 1
Q235-brace 200 273 23 9.2 2 14,527 154.04 4325 122.93 0 1
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Fig. 20 Comparison of finite element simulation results simulated by ABAQUS and OpenSEES platforms
Table 7 Basic information of studied frames
Story SF HSSF brace
Column Beam Column Beam Number of USSs Number of braces Each
installed in each brace in each story truss area
(mm?)
1 W14X257 W30X108 W14X159 W30X108 8 4 1912
2 W14X257/ W14X211 W30X108 W14X159/ W14X132 W30X108 8 4 1912
3 W14X211 W24X84 W14X132 W24X84 8 4 1912
4 W14X211/W14X176 W21X68 W14X132/W14X109 W21X68 6 4 1434
5 W14X176 W21X68 W14X109 W21X68 6 4 1434
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Table 8 Natural vibration period of investigated frames

Frame type T,/s T,/s T3/s
HSSF-FED 1.242 0427 0.241
HSSF-ED 1.204 0415 0.235
SF-FED 1171 0399 0.220
SF-ED 1.136 0.389 0.218

T,, T,and T; are the 1%, 2" and 3' fundamental period of the frames

the design-basis earthquakes (DBE, 10% probability of
exceedance in 50 years) level as well as the maximum
considered earthquake (MCE, 2% probability of exceed-
ance in 50 years) level according to ASCE 7-16 [45]. The
information of the selected ground motions is listed in
Table 9. These records were scaled using the mean square
error method so that the mean response spectrum can
match the design spectrum as much as possible over the
range between 0.2 T7 and 1.5 T4, where 77 is the funda-
mental period of frame. Figure 22 shows the 5%-damped
linearly elastic response spectra S, for each ground
motion record. In order to obtain the permanent defor-
mation of the frame after earthquake, an extra 10-s time-
history with zero acceleration amplitude was appended
to the end of each ground motion so that the vibration
decays out completely.

Table 9 Earthquake records information
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Structural performance

Peak inter-story drift

The mean peak inter-story drift ratios (PIDs) of the
frames are shown in Fig. 23a. The results show that
the PIDs of the HSSFs are slightly larger than that of
the SFs under both hazard levels. The reason could be
that the cross-sectional area of the high-strength steel
column is reduced compared with that of the normal
mild steel column, making the stiffness of the HSSF
lower than that of the SF, noting that higher PIDs are
often exhibited in structural frames with lower stiff-
ness. It is also seen from Fig. 23a that the application
of FED tends to slightly increase the PID response of
the frames compared with those equipped with conven-
tional ED system. Again, this phenomenon is partially
attributed to the slightly lower elastic stiffness of FED
(see Table 6). Generally speaking, the influence of the
two types of ED systems on the PID response is limited
and may be negligible.

Residual inter-story drift

The mean residual inter-story drift ratios (RIDs) of the
investigated frames under different hazard levels are
presented in Fig. 23b. In order to assess the damage
conditions of the post-earthquake structures and asso-
ciated potential economic loss, several damage states
(DS) are specified in FEMA P-58 [46]. Under DSI1 level,

No Earthquake name Year Station PGV (cm/s) PGA (9)
FF-1 Imperial Valley-02 1940 El Centro Array #9 25.156 0.254
FF-2 Borrego 1942 El Centro Array #9 6.200 0.066
FF-3 Kern County 1952 LA—Hollywood Stor FF 8.623 0.041
FF-4 Kern County 1952 Pasadena—CIT Athenaeum 5874 0.048
FF-5 Kern County 1952 Santa Barbara Courthouse 11.406 0.090
FF-6 Kern County 1952 Taft Lincoln School 15.222 0.145
FF-7 Northern Calif-03 1954 Ferndale City Hall 34.784 0.162
FF-8 Hollister-01 1961 Hollister City Hall 8.011 0.059
FF-9 Parkfield 1966 Cholame—Shandon Array #12 5.391 0.060
FF-10 Parkfield 1966 Cholame—Shandon Array #5 25.038 0444
FF-11 Parkfield 1966 Cholame—Shandon Array #8 10.565 0.248
FF-12 Borrego Mtn 1968 El Centro Array #9 19.852 0.133
FF-13 San Fernando 1971 LA—Hollywood Stor FF 21.707 0.225
FF-14 San Fernando 1971 Lake Hughes #1 16.210 0.151
FE-15 San Fernando 1971 Palmdale Fire Station 11.511 0.103
FF-16 San Fernando 1971 Pasadena—CIT Athenaeum 7.633 0.087
FF-17 San Fernando 1971 Whittier Narrows Dam 10.130 0.079
FF-18 Managua_ Nicaragua-01 1972 Managua_ ESSO 23.301 0372
FF-19 Managua_ Nicaragua-02 1972 Managua_ ESSO 18.838 0.150
FF-20 Point Mugu 1973 Port Hueneme 9.392 0.128
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it is considered that the structures only need minor
post-earthquake retrofit, or only needs to repair some
non-structural components. Under DS2 level, neces-
sary economic structural maintenance is required and
the structural stability is reduced to some extent. The
RID thresholds for DS1 and DS2 are 0.2% and 0.5%,
respectively. It can be seen that under the DBE level, all
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the frames meet the DS1 requirement. However, when
the frames are under the MCE, only the HSSE-FED can
effectively control the frames within the DS2 limit, which
confirms the effectiveness of the proposed HSSF-FED
in controlling RID. Compared with conventional SF-ED
systems, the maximum RID of HSSF-FED is reduced by
45%. The pronounced RID control capability is benefited
from the combined advantages of the high-strength steel
column’s extended elastic range and FED’s high post-yield
stiffness and pseudo-elasticity, both offering tendency of
re-centering during dynamic shakedown.

Absolute floor acceleration

The height-wise mean absolute floor acceleration (PFA)
distributions of the considered four types of frames are
shown in Fig. 23c. Past earthquakes reveal that injuries,
fatalities, repair costs and disruption time related to
failure of non-structural components due to large PFA
could far exceed those associated with structural dam-
ages [47]. The SF-FED has the maximum mean PFA
response among the four frames under both the DBE
and MCE. Compared with structure SF-ED, the maxi-
mum PFA of structure SF-FED is increased by 15% under
the DBE and by 24% under the MCE. This is mainly due
to the high post-yield stiffness of the Fe-SMA-brace.
It is reported that metal damper with a lower cyclic
hardening property tends to reduce the absolute floor

1
—&— SF-FED

1
S —=— SF-FED P - 5 e
X —e— SF-ED —e— SF-ED —e— SF-ED
\ —4— HSSF-FED —a— HSSF-FED —— HSSF-FED
4 N v— HSSF-ED 4 K v HSSF-ED 4 v— HSSF-ED
)
s3 E 3 E 3
2 VY, = 2 a5 2 I/
| - / 1 & é ! .
DBE DBE DBE
|
0.0 0.5 1.0 15 2.0 0.0 0.1 0.2 0.3 0.00 0.25 0.50 0.75 1.00
PID (%) RID (%) PFA (g)
: ) : ) )
s —=— SF-FED S . —=— SF-FED s o —=— SF-FED
—e— SF-ED '\ —e— SF-ED —e— SF-ED
—A— HSSF-FED A HSSF-FED A HSSF-FED
4 v— HSSF-ED 4 x v— HSSF-ED 4 \-\ v— HSSF-ED
£ s g\ s
5] w 1]
2 an i ) 2 L
1 ./ 1 / -v/.' l 1 y:\. N
MCE MCE MCE
00 05 10 L5 20 25 30 00 02 04 06 08 10 0.0 0.3 0.6 0.9 12
PID (%) RID (%) PFA (g)

(a)

(b)

Fig. 23 Mean seismic responses of structures: a Peak inter-story drift (PID), b Residual inter-story drift (RID) and ¢ Absolute floor acceleration (PFA)
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acceleration demands [28]. On the other hand, the mean
PFA of the HSSE-FED is evidently decreased compared
with that of the SF-FED system due to the more flexible
behavior of the former.

Case study

Case studies were further conducted. The scaled
ground motion FF-7 and FF-12 at the MCE level was
employed and the corresponding acceleration-time
history record is plotted in Fig. 24. Figure 25 shows
the roof drift time-history results of the four frames.
The comparison between FED and conventional ED
is first made, as shown in Fig. 25a, where the former
can effectively control the roof drift ratio for different
types of steel frames. This phenomenon is attributed
to the higher post-yield stiffness and pseudo-elas-
ticity behavior of FED which provides a stronger re-
centering tendency. Figure 25b compares the roof
drift response of conventional SF and HSSF equipped
with conventional ED devices. It is confirmed that the
residual roof drift ratio is reduced in the HSSF where
the high-strength steel columns provide larger elas-
tic deformation and hence increased elastic restoring
action. A relatively larger peak roof drift is observed
for the HSSFs, phenomenon which has been explained
in Sect. 4.4.1. When focus is paid on the performance
of HSSF-FED with the comparison of conventional
SE-ED, significant difference is observed between
them. A better roof drift control capacity is achieved
for HSSF-FED, with the residual roof drift ratio
reduced by 75.9% and 81.05% under FF-7 and FF-12
ground motions, respectively. The post-earthquake
residual roof drift is almost pull-backed to the origi-
nal position in HSSF-FED system, as shown in Fig. 25c.
Such results strongly indicate that the newly emerged
HSSE-FED has an outstanding advantage in control-
ling residual drift compared with conventional yielding
structural systems.
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Conclusions

Two types of steel frames (conventional steel frame and
high-strength-steel frame) equipped with various energy-
dissipation devices were analyzed. U-shaped strip-based
braces served as the kernel member in this investigation.
The material behavior of Fe-SMA was first investigated,
followed by the discussion of Fe-SMA-USSs. The cyclic
behavior of the Fe-SMA-brace was then simulated. For
comparison, braces with identical geometry but fabri-
cated by conventional mild-carbon steel Q235 (Q235-
brace) were also studied. System-level analysis was
performed to reveal the influence of different factors on
structural performances of practical concern. The main
findings and conclusions are summarized as follows.

1) Fe-SMA has higher post-yield stiffness and higher
ductility compared with normal steel. The outstand-
ing low cycle fatigue life as well as satisfied energy
dissipation capacity make Fe-SMA a strong candidate
in the field of seismic engineering.

2) The cyclic tests on Fe-SMA U-shaped strips show
that the single-cycle energy-dissipation capacity of
Fe-SMA-based devices is comparable to conventional
mild-steel-based energy-dissipation devices. While
the EVD of the Fe-SMA U-shaped strips is lower
than that of the mild-steel ones due to the higher
peak strength and mild pseudo-elastic behavior of
the former, the total energy dissipation of Fe-SMA
U-shaped strips prior to failure is significantly more
than that of their mild-steel counterparts owing to
the extraordinary low cycle fatigue life of Fe-SMA.

3) System-level analysis shows that the HSSF-FED exhib-
its the most satisfied performance in limiting RID, with
the RID index effectively controlled within the DS2
threshold under the MCE hazard level. The HSSF’s
inherently large elastic range and Fe-SMA’s relatively
high post-yield stiffness and mild pseudo-elasticity
behavior are both responsible for this phenomenon.
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Fig. 24 Acceleration time history of (a) FF-7 and (b) FF-12 ground motion records (scaled to the MCE level)
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Fig. 25 Roof drift ratio of structures under FF-7 and FF-12 earthquake ground motion (MCE level)

4) The utilization of Fe-SMA energy dissipation devices
would slightly amplify the PFA response. However, when
they are installed in frames with high-strength steels, the
PFA responses are reduced significantly, even lower than
those of conventional yielding structural systems, sug-
gesting that HSSF is an ideal frame type used in combi-
nation with Fe-SMA energy dissipation devices.

Apart from the above conclusions, additional discus-
sions on possible future works are made herein. For
example, it has been noticed that the strength degrada-
tion behavior of the Fe-SMA U-shaped strips is different
from that of its mild steel counterparts, a case which may
result from the difference between their fatigue-induced
failure mechanisms. Efforts are being devoted to find-
ing the reason behind the phenomenon, and a series of
micro-mechanical level experiments have been con-
ducted by the authors, where the results will be reported

in future papers. In addition, the seismic community
has been aware of the failure risk of excessive inelas-
tic deformation caused by long duration earthquakes,
and Fe-SMA-based energy dissipation devices are seen
as a potential strategy to solve the fatigue problem. Fur-
ther works are required in investigating both the fatigue
demand and supply of the proposed new systems.
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