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Abstract. Naturally buckling steel braces (NBBs) have been recently developed by the authors and co-
workers to improve the buckling performance and energy dissipation capacity of braced framed
structures. In NBBs, a low-yield-point steel (LY S) channel and a high-strength steel (HSS) channel are
connected using steel battens to build up a dual-material steel section. An intentional eccentricity is
introduced along the brace length to subject the brace to bending loads in addition to axial loads.
Previous experiments have demonstrated that this combined axial-flexural response stabilizes the
compression behaviour of the brace and enhances its tensile post-yielding stiffness through a novel
deformation mechanism. In this paper, the cyclic behaviour of two full-scale NBB specimens with
different section sizes and eccentricities are investigated experimentally. Gusset plate pin-connections
that accommodate in-plane buckling are used to release the brace ends from high ductility demands.
Two low-cycle fatigue protocols with increasing amplitudes and repeated inelastic loading cycles at the
event of local buckling are adopted. Test results show that both NBB specimens exhibited a stable
hysteresis behaviour by delaying the onset of local buckling up to a 1.5 % story drift ratio (SDR). Notably,
the specimen with larger section and larger eccentricity provided a stable tensile strength under five
repeated loading cycles of 2.0 % SDR. An equivalent damping ratio of 0.4 was measured. In addition to
the experimental research, a computational study is performed with the aid of the finite element software
ABAQUS to evaluate partially strengthening method of the sections against local buckling. It was found
that the energy dissipation capacity of NBBs can be enhanced up to 40% by using rib stiffeners at critical
locations, while the use of thicker channel battens can provide further restrain to local buckling growth
up to a 3.0% SDR. The paper develops the physical equations to support an analytical hysteretic model
for predicting the force-displacement cyclic relationship of chevron NBBs. The accuracy and targeted
conservatism of the proposed hysteretic model is confirmed through comparisons with the test results.

Keywords: Buckling; Dual strength; Eccentricity; Full-scale cyclic tests;, FEM; Rib
stiffeners; Hysteretic model; Equivalent damping ratio
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1. Introduction

Steel braces are often used as vertical and lateral load resistant systems in multi-story buildings for
dissipating large amount of input energy when structures are subjected to damaging dynamic loads, such
as strong winds and earthquakes. While the most frequently used Concentrically Braced Frames (CBFs)
configured by conventional steel braces increase the lateral stiffness of steel framed structures and
decrease the lateral story drift, they exhibit a marked strength deterioration under large compression
loads followed by a limited deformation ductility capacity. Even though CBFs are characterized by
simple configuration and relatively low fabrication cost [1-4], quite large steel sections are required to
satisfy global and local buckling limits in addition to strength requirements. New bracing systems are
under development with controlled inelastic behaviour providing a better satisfaction of design
objectives [5-7].

Buckling Restrained Braced Frames (BRBFs) have been proved to be a reliable alternative to CBFs
overcoming some of the deficiencies mentioned above. Since the inner steel core of Buckling Restrained
Braces (BRBs) is laterally supported and restrained from buckling by the outer steel/concrete casing,
their performance under compression is not limited by buckling, thus smaller yielding sections can be
used unlike their conventional brace counterpart [8-11]. BRBs provide relatively large strength and
stiffness under both tension and compression loads. They exhibit a stable hysteretic behaviour without
strength deterioration after many loading cycles by controlling global buckling efficiently as well as
local buckling to an extent. However, their fabrication requires strong and heavy buckling restrainers,
which in turn increase the weight of the structures. In both CBFs and BRBFs, residual story
displacements, and in a worst-case loading scenario, a soft-story failure mechanism may occur under
rare earthquake events, which is resulted by their inherent low post-yielding stiffness [12-14].

Recently, the authors and co-workers developed an alternative brace known as Naturally Bucking
Brace (NBB) [15-18] with the goal to eliminate the above drawbacks. The main advantages of NBBs
are: (1) the relatively high tensile post-yielding stiffness, (2) the delay of mid-length local buckling,
thereby fracture, without using external buckling restraints or large steel sections, and (3) the multiple
yielding strengths combined with an axial-flexural behaviour that are useful to satisfy multiple seismic
performance objectives. NBB consists of a built-up dual-material steel section made of a low-yield-point
steel (LYS) channel and a high-strength steel (HSS) channel arranged in parallel and joined together
through a series of battens that secure transfer of the internal forces and compactness of the section. An
intentional eccentricity is introduced along the brace length that inherently subjects the brace to bending
loads in addition to axial loads [19]. The effective combination of the two steel grades (i.e., large material
contrast) and eccentricity helps the brace to develop a stable and advantageous hysteretic behaviour.
Recent works [20, 21] have focused on slenderness effects of the NBBs under seismic loads and effects
of far-field and near-fault cyclic loads on seismic performance of braces demonstrating their efficiency
in various built-up rectangular steel sections and chevron configurations. The design concept of the
combined axial-flexural behaviour of braces has also been recently validated in uniform circular steel
sections where the target material contrast was achieved by utilizing the induction-heat treatment
technology for the one half of the section [22, 23].

To incorporate the real-life scenario and understand the actual time of events occurring under seismic
loads, this study adopted full-scale specimens for investigation unlike the previous works on NBB [ 15-
18]. This is done deliberately keeping in mind the size effect in specimens and its effect on performance
evaluation indices of the test. There are enough evidences in the literature which discusses scaling effect
in structural specimens [24-26]. Their results showed that the drift capacity reduces with increasing
specimen size. Local buckling can be initiated in larger scale specimens at lower drift levels compared
to small scale specimens. Initiation of local buckling weakens the steel section and suddenly reduces the
load carrying capacity of the member. Thus, this phenomenon should be prevented or delayed ensuring
the safety and serviceability of structures.
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Reverse cyclic loading experiments conducted on various types of special CBF braces in [27] by
considering the use of more compact sections, steel pipes or wide-flange sections and concrete-filled
pipes to prevent local buckling at even extremely large drifts. Researches on strengthening of BRBFs
suggested local buckling reduction in H-section steel-core BRBs with a stopper in the middle of core
member and gradual change of cross-section of core plate [28], local buckling restraint conditions for
various tube restrainer configurations in BRBs under cyclic loading [29]. Various studies explored the
use of stiffeners to resist local buckling in different steel sections and it was found to be an effective
way. Mulligan and Pekoz [30] who investigated the effect of edge stiffeners in lipped channel sections
found a significant improvement in the local-buckling resistance. Further works suggested enhancing
local-buckling resistance through selecting optimum stiffener position and proportion for web stiffeners
[31], appropriate size of stiffeners for stiffened plates [32] and proper configuration and sectional sizes
for longitudinal stiffeners in case of bolted side plated beams [33]. As local buckling is observed in LY S
channel of NBBs, strengthening of NBBs by partially utilizing rib stiffeners in the critical zones of the
brace or increasing the thickness of channel battens to enhance stiffness locally is explored in this study.
The use of rib stiffeners appears to be a quite straightforward strengthening approach for NBBs, as they
consist of open channel steel sections and there is low possibility of complications in placement,
accessibility and weldability of the ribs.

The authors, in their previous studies, introduced the concept of NBB and conducted the proof-of-
concept investigation by subjecting reduced-scale NBB specimens to cyclic loading using mechanical
pins as an “ideal” connection detail that secures the free bending of brace body. Under such ideal
boundary conditions, the beneficial behaviour of the combined axial-flexural behaviour of NBB was
validated. In this paper, by targeting the wider application of NBBs in real-world structures, the cyclic
performance of NBBs is experimentally investigated using (a) full-scale test specimens and (b) gusset-
plate connections that are widely used in practice. Gusset plates are designed to behave as pin
connections [34, 35] allowing the free rotation of the brace ends in-plane of the frame, thus reducing the
already increased strain demands at brace ends due to bending [23]. The influence of the section size of
the brace on its energy dissipation capacity is evaluated. Then, a detailed finite element analysis study
is performed to calibrate the computational model with the experimental results which are found to be
in good agreement. Additional detailed finite element models with rib stiffeners and stronger channel
battens are developed in order to perform a parametric study focusing on the effectiveness of such
strengthening methods in eliminating the local buckling related failures. The effect of several parameters,
such as, the number and thickness of stiffening ribs as well as the thickness of channel battens is
examined. Finally, physics-based mathematical formulae are proposed to support the development of
the hysteretic analytical model of NBBs which in turn is validated with the full-scale test results. As a
result, one can use the proposed hysteretic model for the direct simulation of NBBs alone or as members
of framed structures to determine their response to cyclic/seismic loading [36].

2. Basic characteristics of NBB
2.1. Configuration of NBB

As shown in Fig. 1, NBB consists of two cold-formed low-yield-point steel (LYS) and high-strength steel
(HSS) channels connected along the brace length at multiple points. In this paper, steel battens are welded
to each channel as shown in Fig. 1. The dotted line in the figure indicates the line of action of force. The
brace-ends are free to rotate about x-axis while are fixed to rotate about y-axis.
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Fig. 1. Overview of Naturally Buckling Brace

LYS exhibits a low yielding stress (120~220MPa) and a high inelastic deformation capacity (30~50%)
which bonuses the overall ductility of NBB. On the other hand, HSS exhibits a high yielding stress
(600~800MPa) which bonuses the overall strength of NBB, but emphasis needs to be given in the lower
ductility (10~15%) of HSS. In NBB configuration, the presence of eccentricity redistributes the internal
stresses in a way that HSS maintains elasticity for very large inelastic deformations. At the same time,
the very high ductility of LYS is efficiently exhausted. This configuration eventually contributes to the
high post-yielding stiffness of NBBs inherently supported by this contrast of the material properties.
The bending moment due to the presence of eccentricity acts in a different direction under tensile and
compressive axial forces. Under cyclic loading, unlike the unstable phenomenon of the axial buckling,
NBB bends stably due to this combined axial-flexural behaviour [15-19].

2.2 Backbone equations of NBB

NBB exhibits different behaviour in tension and compression. Fig. 2 illustrates the backbone curve of
the brace. The backbone curve of NBB is approximated by a trilinear line in tension and a bilinear line
in compression. In tension, the elastic range is defined until yielding of LY'S channel. The tensile post-
yielding stiffness is the stiffness defined beyond yielding of LY'S until the yielding of HSS channel. The
range beyond yielding of HSS channel is defined as the hardening stiffness range.

y' N
Axial load

HSS yielding P, 'A -
// K 2
. p

LYS yielding P, | [ = K1
/| K, Axial displacement

-t | P.= I:)y,LY

Compressive strength

Fig. 2. Backbone of Naturally Buckling Brace

Due to the original geometrical shape of NBB, as shown in Fig. 1, the initial stiffness is uncoupled
from the yielding strength due to the combined axial-flexural behaviour. The elastic stiffness K. of NBB
includes both the effect of axial force and bending moment and is expressed by the following equation
[15, 17]:
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(1)

The axial load corresponding to the yielding of LY steel channel P,y (Fig. 2) is estimated as the load
at which the first fiber of the LY'S channel yields [14]:

p Oy Ly (ALy + Ays)

= ”n (2)
YT+ e"(ALy + Aus)/Seom

In Egs. (1) and (2), E is the Young’s modulus of the steel material, 4.y and Aus are the cross-sectional
area of the LYS and HSS channels, respectively, L is the pin-to-pin effective brace length, e” is the
applied initial eccentricity (Fig. 1), rcom and Scom are the radius of gyration and the elastic section
modulus of the entire NBB section about x-axis (Fig. 1), g,,.y is the yield stress of the LY'S.

In the range beyond yielding of the LY'S channel (defined as post-yielding range), a certain part of the
built-up section does not contribute to the post-yielding stiffness because part of the section has yielded.
The unyielded portion of the built-up section is mainly the HSS channel and is called hereafter as the
“effective section”. Considering this, the post-yielding stiffness right after yielding of LY'S channel, K1
(see Fig. 2), can be estimated by employing Eq. (3), which is a modified version of Eq. (1). In this
modified version, as eccentricity (e) is defined as the distance of the HSS channel centroid with respect
to the line of the force action. A reduction factor for the radius of gyration (C1) is also introduced which
is explained later. Thus, the equation K, is as follows:

EAys/L
Kp1 = 2
1+ {e/(Cireom)}

3)

The post-yielding stiffness gradually increases from the initial value, K,1 (governed mainly by the
flexural stiffness), to the final value, K,> (governed mainly by the axial stiffness), as the tensile axial
displacement increases (Fig. 2). This happens due to the gradual increase of the axial stiffness which
becomes predominant until the brace reaches the straight configuration in the middle length (e = 0)
followed by the full yielding of the HSS channel (Fig. 2). The axial-governed post-yielding stiffness,
K2, 1s estimated by employing Eq. (4) which considers a second effective eccentricity reduction factor
(> as follows:

EAys/L
K HS/

= 4
Pz 1+ {Cze/(clrcom)}z ( )

Finally, the overall post-yielding stiffness of the brace is simplified as a linear approximation of the
nonlinear post-yielding stiffness and can be estimated as the average of K,1 and K)»:

Kpave = (Kpl + sz)/z (5)

The effective factors (Ci and C>) were originally introduced in Ref. [15]. Inamasu et al. [18] performed
numerical parametric simulations of NBBs subjected to monotonic loading in which the ratio between
the yield stresses of LY S and HSS, the initial eccentricity, the brace length, the width of LYS and HSS
channels, and the distance between the channels were investigated. The results suggested that the factors
C1 and (> can be expressed as follows:
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C; = {—0.0045(e" /Teom) + 0.0243(L/Teom) (6)
C, = {~0.45(e" /Toom) + 175N 0y s/ 0y ry) (7)

Beyond yielding of the HSS, the entire built-up section of the NBB is yielded. At this ultimate stage,
the center of rigidity of the NBB section (i.e., center of gravity line) is coincided with the line of force
action, thus the eccentricity at this stage can be taken equal to zero. Therefore, the ultimate strength of
the NBB, P, us (see Fig. 2) is taken as:

Py us = oy yALy + 0y nslus (8)

where 0,1y 1s the ultimate tensile stress of the LYS. The ultimate tensile stress is adopted for LY'S
considering that LY'S experiences considerable amount of inelastic strains at this stage [ 15, 17].

In compression, the elastic stiffness K. of NBB can be considered the same as in tension (Eq. (1)).
Once the LYS channel experiences yielding, the deflection of the brace mid-length further increases
enlarging the second order effects of the member (P-0). The flexural-governed compression post-
yielding stiffness brings the brace into its post-buckling region skipping the development of the critical
buckling load. Therefore, the compressive strength of the NBB is governed by in-plane elasto-plastic
instability approximated by employing Eq. (2):

P=Pyy

9)
3. Testing of full-scale NBB specimens

3.1. Overview of the test specimens

To evaluate the seismic performance of the full-scale NBBs, a quasi-static cyclic testing is performed. Two
specimens, the Specimen 1 and the Specimen 2, are fabricated. Their design details are summarized in Table
1 and Fig. 3. Both specimens are designed in chevron configuration (45° angle) to provide a lateral strength
equal to 900 - 1000kN at a 1.0% lateral story drift ratio (SDR). This was achieved by adjusting the intentional
eccentricity and cross-sectional area accordingly. Specimen 1 is designed to reach its maximum strength
PyHs at a 4.0% SDR. Assuming that the design drift level is around at a 2.0% SDR, 4.0% is considered
adequate for the maximum allowable deformation. It is noted that this assumption is almost equivalent to
the reference specimen (HLS-D20-E60) tested by the authors and co-workers in Ref. [15] (details of this
specimen are included in Table 1). While comparing Specimen 1 and HLS-D20-E60, the size-effect exists.
On the other hand, the Specimen 2 is designed to reach its maximum strength at 8% SDR. In Specimen 2, a
higher ductility is expected due to larger cross-section and eccentricity than those of Specimen 1.

In this study, the Japanese steels SM570 and LY225 are used for the fabrication of HSS and LYS
channels, respectively. Fig. 4 shows the tensile coupon test results of those steel materials. 9mm-thick
HSS and a 12mm-thick LYS steel plates are used to fabricate the cold-formed channels. For cold-forming,
the interior and exterior radius should be equal to one time and two times the plate thickness, respectively.
By using a thicker plate for LYS channel, a better energy dissipating performance is expected. The
channel battens are made of SS400 steel of 5 mm thickness for Specimen 1 and 7 mm thickness for
Specimen 2. The steel battens are welded to the surface of each channel flanges through fillet welding.
The end plates are welded to brace ends through complete joint penetration welding. It is noted that in
Specimen 1 the thickness of battens, t Batten was equal to 6 mm, while in Specimen 2, was equal to 9
mm.



237 Table 1 Dimensions and material properties of test specimens.

Cross-section High-strength steel (HS) Low-yield-point steel (LY)
Specimen B D e” ths Oy Hs OuHs &ns ty OyLy Ou,Ly ELy
(mm) (mm) (MM)  (mm) (MPa) (MPa) (%) (mm)  (MPa) (MPa) (%)
Specimen 1 164 166 78.7
Specimen 2 192 182 1918 9.13 638 690 13.4 12.07 231 308 47.2
938 HLS-D20-E60 84 104 60.0 5.93 548 619 21.7 5.98 59 239 51.5
239
2,454 _
"l— §g /—Batten =6 Jij—'g A LYsS -l- & 164tw2 12
7o) = = [=1 =1 = [~ [=1 = I"_' (o)
=l e e s e B S e ﬁ%’_ 23
:tq_; -\__ =T = = N \ = L-_I_ o tHS:g
o A HSS
T ?train gauge I AA
= = é = = = =
—
) (a) Specimen 1 )
2,454
B 80 Batent,=9 120 Lvs L B: 192
= - try: 12
81 I:I|—1I;I.‘I|: — I_I:Il_l:ll_lr;.ll_l |E| |—|I:I|—|I:I ﬁ]%(%
| = e = e = = = = = - 66
] L] 1= 8 1=} [ \ Hes = 1 [a] s O
1 /Strain gauge M B-B
240 ~ (b) Specimen 2 )
241 Fig. 3. Tested Full-scale NBB specimens (dimensions in mm)
242
800 Stress o (MPa)
600 »—/_\\ — HSS
———LYS
400
200 ™ '\.\-\-\
0 Strain & (%)
943 0 10 20 30 40 50
244 Fig. 4. Tensile coupon test results of HSS and LY S
245
246 In this paper, the NBB specimens have asymmetrical sections about x-axis because the LYS channel

247 1is thicker than the HSS channel. As a result, the center of gravity of the built-up section does not coincide
248 with the member centerline. Fig. 5 illustrate the details of NBB-ends and the proposed end-plate gusset-
249  plate connection. In Specimen 1, the eccentricity measured from the center line of the brace to the line
250  of action of the force (defined as e) is equal to 85mm. The actual intentional eccentricity determined
251 based on the center of gravity, e”, is equal to 78.7mm because the center of gravity has been moved
252 towards the LYS channel by 6.3mm. The intentional eccentricity of both specimens normalized by the
253  corresponding radius of gyration, e’/ rcom, are equal to 1.23 for Specimen 1 and 1.63 for Specimen 2.
254  Note that this ratio e’/ rcom for the reference specimen HLS-D20-E60 in Ref. [15] is equal to 1.42 which
255 is larger than the corresponding ratio of Specimen 1. This is because e” is smaller than the e when a
256 thicker LYS channel is adopted.
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Fig. 5. Proposed in-plane gusset-plate connection of Specimen 1 (dimensions in mm)

3.2. Gusset-plate connection configuration for in-plane brace buckling

In NBB configuration, an appreciable improvement of the energy dissipation capacity has been proved
by introducing the intentional eccentricity. The NBB tends to deform in the frame plane in which the
intentional eccentricity is introduced. The authors have suggested a new simple pin-support
configuration for NBB-ends using gusset plates [17]. These typical gusset-plate connections are
designed to accommodate out-of-plane brace deformations. In this paper, an alternative connection that
accommodates in-plane member buckling is proposed as in Ref. [19]. In-plane buckling results in
reduced strain demands at brace ends [23]. Moreover, braces that would typically buckle in plane permit
the construction of partition walls close to them. Fig. 5 illustrates the in-plane gusset-plate connection.
The gusset plate is designed based on the AISC design specifications [34, 35]. A clearance distance twice
the gusset plate thickness, f,, (56mm) is considered. Assuming that a pin is formed at the middle of
clearance distance, the pin-to-pin length of NBB, L is equal to 2,825mm. Thus, the member slenderness
A about x axis (see Fig. 1) is equal to A4, = 44.0 and 37.9 for Specimen 1 and 2, respectively.

3.3. Loading protocol and measurement system

The loading frame system is shown in Fig. 6. NBB specimens are installed into the loading frame
through the in-plane gusset-plate connections. The loading system is a four-pinned loading frame,
therefore only the installed specimen resists the applied lateral load.

] " 2,600mm -
L aald LI JF _
“]° Gusset plate j}} = /

£ “ Oil jack

CE) / o) : rj — 1T y

e }j_jf

N

t

Fig. 6. Loading frame and measurement system (dimensions in mm)

The loading protocol consists of two symmetric cycles laterally imposed at each load amplitude of
0.25, 0.5, 0.75, 1.0, 1.5, and 2.0% SDR except for the SDR at which local buckling occurs in
compression. At this SDR, loading cycles are repeated five times instead of two times to evaluate the
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post-local bucking behaviour of the brace to cumulative damage. In Specimen 1, local buckling initiated
during 1.5% SDR, while in Specimen 2, local buckling initiated during 2.0% SDR. Therefore, these
SDRs were repeated five times for each specimen. In the previous experiments of NBB [15-17], a
strength deterioration of the member was observed due to the onset of local buckling in LYS channel.
In this research study, assuming that NBB is designed against a maximum SDR of 2%, the impact of
cyclic deformation after local buckling on the ultimate performance is investigated. It should be noted
that SDR is defined as the lateral displacement divided by the frame height (i.e., 2600mm) with the
lateral displacement being the horizontal component of the brace axial displacement.

Fig. 6 also depicts the measurement system. Two displacement transducers (DT1 and DT2) to measure
the axial displacement of the bracing member and one displacement transducer (DT3) to measure the
in-plane rotation of the gusset plates are placed. Moreover, seven and three strain gauges are attached
on the LYS and HSS channels, respectively, to detect yielding initiation, as shown in Fig. 3.

3.4. Test results

Fig.7 shows the axial load — axial displacement relationship of both specimens (solid line) compared
to the backbone curve calculated based on the analytical relationships introduced in Section 2.2 (dotted
line of Fig. 2). In both specimens, a high energy dissipation capacity without any strength deterioration
was observed until an axial displacement of 27.6 mm (i.e., 1.5% SDR). For an axial displacement of
36.7mm (i.e., 2.0% SDR), strength deterioration was observed due to the onset of local buckling. The
backbone curve appears to estimate the main elastic and inelastic quantities of brace response (i.c.,
elastic stiffness, compressive and tensile strength, post-yielding stiffness) with fairly good accuracy.

Fig. 8 depicts the overall deformation of brace specimens for an axial displacement of 27.6 mm (i.e.,
1.5% SDR) under the 2" compression cycle. Both specimens deformed in-plane of the frame and no
excessive concentration of local deformation was observed. For each specimen, the cyclic behaviour as
well as the ultimate performance are described in detail in the following paragraphs.
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Fig. 7. Axial load — axial displacement relation; (a) Specimen 1, (b) Specimen 2
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Fig. 9. Ultimate failure state of Specimen 1: buckling in the mid-length at LY'S channel and welding failure of channel
battens
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Fig. 10. Axial displacement —in-plane rotation relationship of gusset plates

Specimen 1 (this specimen has smaller eccentricity than Specimen 2) began to dissipate energy for an
axial displacement of 3.8mm (i.e., 0.21% SDR). The LYS channel was yielded first as detected by the
attached strain gauges. For an axial displacement of 4.6mm (i.e., 0.25% SDR), the specimen entered
into the inelastic region of the tensile post-yielding stiffness while in compression, the specimen reached
its maximum strength. Until the specimen reaches an axial displacement of 18.4mm (i.e., 1.0% SDR),
the amount of energy dissipation was about the same under each loading cycle and the hysteresis loop
was stable. For an axial displacement of 27.6mm (i.e., 1.5% SDR), a slight local buckling was observed
at the mid-length of the LY'S channel under the first loading cycle. At this amplitude, the loading cycles
were repeated five times. In tension, no deterioration was observed during this repetitive loading. In
compression, a slight strength deterioration was observed up to the 4™ repeated loading cycle. Although
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local buckling was more intense during the following 5™ repeated cycle, the compressive strength
maintained 79% of the strength that recorded in the 1% compressive cycle of this repeated loading. For
an axial displacement of 36.7 mm (i.e., 2.0% SDR), local buckling increased and the compressive
strength started to deteriorate but the tensile strength was further increased. During the 2™ cycle of the
2.0% SDR, the fillet welding around the steel battens was failed and battens were detached from the
LYS channel during the compressive loading. Fig. 9 shows the failure of the batten region as well as the
local buckling growth near the mid-length of the LYS channel at the end of the loading. In the reference
specimen HLS-D20-E60 (half-scale specimen) [15], local buckling was observed at a 3.0% SDR which
is a higher SDR than that observed in the full-scale Specimen 1 of this study. This might be attributed
to the size effect as well as the fact that plastic strain localization in LYS channel of Specimen 1 was
more severe. The latter is related to the smaller e "/ 7com of Specimen 1 than that of the reference specimen
HLS-D20-E60.

Specimen 2 (this specimen has larger eccentricity than Specimen 1) began to dissipate energy at an
axial displacement of 4.0mm (i.e., 0.22% SDR). As shown in the axial load — axial displacement
relationship (Fig. 8b), the specimen entered into the inelastic region of the tensile post-yielding stiffness
and the compressive strength reached its maximum value under an axial displacement of 4.6mm (i.e.,
0.25% SDR). Until the specimen reached an axial displacement of 27.6mm (i.e., 1.5% SDR), the
specimen exhibited a stable hysteretic behaviour and no difference was observed in the amount of
dissipated energy in each cycle. For an axial displacement of 36.7mm (i.e., 2.0% SDR), local buckling
was observed in the LYS channel, therefore, this cycle was repeated five times to evaluate the growth
of local buckling. Since the Specimen 2 has larger section and eccentricity than Specimen 1, this
enhances the plastic deformation capacity of the member and the SDR at which local buckling occurred
was found to be higher. Under the five repeated loading cycles of 36.7mm axial displacement, the
compressive strength was reduced more in compression than in tension. This behaviour is likely to be
related to the high elasticity of the HSS channel and the large isotropic hardening of the LY'S channel.
The compressive strength during the 5™ repeated cycle decreased to 53.4% of the strength recorded in
the 1% compressive cycle of the repeated loading cycles. On the contrary, the strength in tension
maintained 92.4% of the tensile strength recorded in the 1*' tensile loading cycle of the repeated loading.
Similarly, with Specimen 1, the SDR at which local buckling occurred in Specimen 2 is smaller than the
one observed in the reference specimen HLS-D20-E60 (i.e., 3.0% story drift) even if e”/ reom of
Specimen 2 is larger than that of HLS-D20-E60 (i.e., 1.63 and 1.42, respectively). Nonetheless, referring
to the channel width-to-thickness ratio B/, y, this is 14.0 for the HLS-D20-E60 and 15.9 for the Specimen
2 (i.e., 14% larger) which makes the inelastic response more prone to size effect. In Specimen 2, although
the level of plastic strain localization is less severe compared to HLS-D20-E60 due to the larger e "/ rcom,
the difference in width-to-thickness ratio B/t.y appears to have a stronger influence on local buckling.

Fig. 10 shows the relationship between the brace axial displacement and the gusset plate in-plane
rotation as obtained from both Specimen 1 and Specimen 2. The rotation of the gusset-plate connection
is based on the displacements measured from the displacement transducer DT3 (Fig. 6) divided by
142mm which is the distance from DT3 to the center of the clearance distance of the gusset plate. In
both specimens, this relation was found to be almost linear. The maximum measured rotation was 0.12
rad for Specimen 1 and 0.08 rad for Specimen 2. Neither fracture nor cracks were observed in the gusset-
plate connections. These measured rotation values are very similar with those of other tests where out-
of-plane pinned gusset-plate connections or mechanical pins were used [17, 19, 37]. This indicates that
the proposed in-plane gusset-plate connections behaved well and can successfully accommodate the
required rotation demands of NBB deformation.
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4. Finite Element Modeling of NBB and parametric study

In this section, a computational study of the cyclic behaviour of the NBB specimens was performed
using the finite element (FE) simulation software ABAQUS [38]. To verify the reliability of the
proposed detailed FE model, the computational simulation results were compared with the experimental
results. The loading pattern followed for the finite element analysis is the same as the one used in
experiments.

4.1. Finite Element Model

Fig. 11 illustrates the FE model of an NBB. An HSS channel section with 9 mm thickness and a LYS
channel section with 12 mm thickness are adopted for the brace configuration (Fig. 11a). The model was
divided into 30 elements along the steel section and more than 100 elements along the length for each
section (Fig. 11b). Fine rectangular mesh along with linear quadrilateral 4-noded S4R shell elements of
reduced integration were used for the FE analysis. A material with a yield strength of 638 MPa was
assigned in each fiber of HSS section and a material with a yield strength of 231 MPa was assigned in
each fiber of LYS section. For LYS, where isotropic hardening is significant [39], isotropic hardening
in addition to kinematic hardening was combined in the material property, whereas for the HSS, only
kinematic hardening was applied. HSS and LY'S sections were connected together by providing battens
along the brace length. Tie constraint was used to define the contact between battens and channel section
surfaces. Both ends of the brace were provided with gusset plates having a 2¢, clearance distance to act
as pinned connections at an eccentricity specified in Section 3.2 for each specimen. A multi-point
constraint (MPC) was used to connect the gusset plates and the brace member. An incremental
displacement-controlled analysis was performed to one brace end for simulation. The brace was arranged
in the same angle as in the experiment.

Gusset Plate

=

B\éttens at 200mm spacing

HSS channel

Fig. 11. Finite element modeling: (a) entire FE model with gusset plates; (b) Meshed view of channels and battens

The properties of specimens used for the computational study are summarized in Table 2. In this study,
Specimen 1 is denoted as SP1 and Specimen 2 as SP2. The comparison of results from experimental and
FE analysis studies are shown in Fig. 12 and Fig. 13. From both figures, one can observe that the FE
model can simulate the test with a good accuracy. The full details of the gusset-plate connections were
not modelled as a choice to reduce the computational time and complexity of the model. In both
specimens, the finite element model meticulously captured local buckling at 2% SDR, same as observed
in the experiment and as discussed in Section 3.4. The deterioration in compressive strength at this point
can also be observed from the results. In SP1, the local buckling was induced during the 1% compression
cycle of 1.5% SDR and became evident at a 2% SDR. The sudden drop in strength under compression
can also be observed from the FE hysteretic loop similar to test results. In case of SP2, which has larger
section and eccentricity compared to Specimen 1, the local buckling was induced during the 1°
compression cycle of 2% SDR and a strength decrease in compression was observed for this specimen,
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Table 2 Properties of different specimens used for numerical simulation.

SPECIMEN L et tLy tHs oLy Gy, s t Batten { Stiffener  Stiffener
(mm) (mm) (mm) (mm) (MPa) (MPa) (mm) (mm) No. (n)
SP1 2825 85 12 9 231 638 6 0 0
SP2 2825 130 12 9 231 638 9 0 0
1600 v
Lateral load /
1200 (kN) - .
800 || Specimen 1
FE Analysis
400
0
-400
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-1200

2 3
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Fig.13. Test results compared with FE analysis results for Specimen 2: (a) Lateral load - SDR relation; (b) Deformed
shape at the mid-length of the LYS channel

4.2. Parametric study and performance evaluation indices

As local buckling wids observed in LYS channel of NBB during the experimental study, strengthening
of NBB by utilizing gtiffeners in the critical zones or by increasing the thickness of battens is explored.
The use of stiffeners appears to be a straightforward strengthening approach as NBB consists of open
channel sections. The stiffeners combined with the eccentricity that is introduced along the brace length
can more evenly/distribute the local stresses in the middle area, thereby the onset of local buckling could
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be further delayed. This can also prevent the brace from undesirable local buckling related failures, such
as the sudden welding failure of channel battens seen in these tests (Fig. 9). In this section, a parametric
study was conducted to understand the effect of stiffeners and thickness of battens on the performance
of NBB and to evaluate their efficiency in strengthening of NBB against local buckling. For that purpose,
models with stiffeners were developed in ABAQUS as shown in Fig. 14. Rib stiffeners were placed
exactly in the position of the battens and in the clearance distance between them. The rib stiffeners were
placed along the central part of the brace. The parametric study considered the effect of the number and
thickness of stiffeners as well as the thickness of battens.

Stiffeners along battensﬁ‘_\_ Y el %47 7

“-HSS channel section > A

Fig. 14. FE model with rib-stiffened section for the parametric study

Using the hysteretic curves of each analysis model, the normalized dissipated energy is calculated to
evaluate the hysteretic behaviour and energy dissipation capacity of braces [40]. On the basis of this
index, one can evaluate the influence local buckling has on the cyclic response and how the progress of
local bucking affects the dissipative capacity of the member. More specifically, a comparison is made
according to the equivalent viscous damping ratio, &4, by adopting the relation [41]:

Eq

_ (10)
2 7F Ay

Seq

where Ejq is the energy dissipation in a given complete cycle of the force-displacement curve; Fim is the
maximum force in a given cycle and 4, is the corresponding displacement. The results are calculated
considering a symmetrical hysteretic /-4 relation as obtained for chevron brace configurations (i.e.,
both compression and tension cycles are considered). It should be noted that &, accounts for the energy
dissipation by nonlinear F-4 relations as expected during strong earthquakes.

Moreover, the magnitude of plastic strain (PEMAG) and equivalent plastic strain (PEEQ) curves are
prepared for each specimen set as additional performance evaluation indices to &eq, in order to identify

the best brace configuration in terms of ductility capacity. PEEQ is defined as fot £Pldt where for

classical metal (Mises) plasticity £P! = /2/3£PL: éP! and £P! is the plastic strain rate. Both PEMAG and

PEEQ are scalar measures of the accumulated plastic strain. For proportional loading, the measures
should be equal. However, for loading with reversals like cyclic loading, PEEQ will continue to increase
if the plastic strain rate is non-zero (regardless of sign) and is an important index to evaluate the
cumulative damage of a structural member. These quantities provide a measure of the strain in the
specimen. Higher the plastic strain, lower will be the ductility performance of the model. Effect of each
parameter is discussed in the following sections.
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4.2.1. Effect of number of stiffeners on Specimen 1

In order to evaluate the effect of numbers of stiffening ribs on NBB’s cyclic performance, six NBB
models with different numbers of stiffening ribs were developed on the basis of design details of test
Specimen 1. The model properties are shown in Table 3. Nomenclature of the specimens used for the
study follows the order, SP1-nSTt Stiffener-Bt Batten where SP1 represents Specimen 1 and SP2 stands
for Specimen 2. ST represents the stiffeners and B represent the battens. Letter ‘n’ denotes the number
of stiffeners used, t Stiffener shows the thickness of stiffeners and t Batten denotes the thickness of
battens. The six models maintained their size, eccentricity, stiffening rib and batten thickness factors
identical except for the number of stiffening ribs. Fig. 15a-f shows the different specimen categories
along with their stiffener position and numbers. The &q curves, and PEMAG and PEEQ curves of the
six models are shown in Fig. 16. PEMAG always refers to the brace ends (i.e., LYS channel) subject to
both bending and axial loads, while PEEQ in areas prone to local buckling (i.e., usually in the middle
length of the brace). In addition, Fig. 16¢ plots the threshold for PEEQ (= 0.58). This value corresponds
to the PEEQ at which local buckling occurred in FE simulations of Specimen 1 (Fig. 12: 1% compression
cycle of 1.5% SDR). It should be noted that ¢eq Was computed considering the complete cycles of the
response at each amplitude (i.e., compression and tension). In Figs. 16b and c, the horizontal axis refers
to the 2" tensile loading cycle of each SDR of the low-cycle fatigue protocol considered in this study.

Table 3 Properties of SP1 specimens with varying number of stiffening ribs.

SPECIMEN L e tLy tus oyLY Oy, HS t Batten t_Stiffener Stiffener
(mm) (mm) (mm) (mm) (MPa) (MPa) (mm) (mm) No. (n)

SP1 2825 85 12 9 231 638 6 0 0
SP1-1ST9-B6 2825 85 12 9 231 638 6 9 1
SP1-3ST9-B6 2825 85 12 9 231 638 6 9 3
SP1-5ST9-B6 2825 85 12 9 231 638 6 9 5
SP1-7ST9-B6 2825 85 12 9 231 638 6 9 7
SP1-9ST9-B6 2825 85 12 9 231 638 6 9 9
SP1-12ST9-B6 2825 85 12 9 231 638 6 9 12

|5

'64'21'3|5'7

(e) SP1-35T9-B6 (c) SP1-7ST9-B6
B 16 2 12 |1 |5 12 110 [8 16 [4 12 |13 [5_JZ 9 1
AU 4;2— O
(d) SP1-9ST9-B6 (f) SP1-12ST9-B6

Fig.15. Specimen categories with varying specimen numbers
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Fig. 16. Relation of SDR with: (a) Equivalent damping ratio; (b) Magnitude of plastic strain (PEMAG); (c) Equivalent
plastic strain (PEEQ), for the FE models under the influence of varying stiffener number.

SP1 with stiffeners has the potential to present a 35% increase in its damping ratio at 2% SDR
compared to SP1 without stiffeners (Fig. 16a). This demonstrated the fact that stiffeners increase the
energy dissipating capacity of the brace considerably thereby strengthening its behaviour against local
buckling. As shown in Fig. 16a, with the increase of the number of stiffening ribs in the model, its
equivalent damping ratio value also increases but its noteworthy that, when the number of stiffening ribs
increases to 9 (SP1-9ST9-B6), the curve tends to be stable. When the number of stiffening ribs increases
to 12, i.e., when the model is almost filled with stiffening ribs (SP1-12ST9-B6), the equivalent damping
ratio curve at this point almost matches the curve of the model with the 9 stiffening ribs, indicating no
further improvement.

The PEMAG and PEEQ values were obtained from FE analysis results for the various SDR levels. In
the PEMAG curve (Fig. 16b), the curve with the smallest strain corresponds to the models with 9
stiffening ribs (SP1-9ST9-B6) and 12 stiffening ribs (SP1-12ST9-B6), thereby, making the former the
ideal configurations for this specimen. In the effective strain curve of PEEQ (Fig. 16c), both SP1-9ST9-
B6 and SP1-12ST9-B6 exhibit the lowest PEEQ value at 2% SDR. Moreover, for 1.5% SDR, PEEQ is
lower than the threshold for both models indicating that local buckling failure is likely to be restrained
during the repeated compression cycles of 1.5% SDR. More specifically, based on the FE analysis, a
very slight local buckling occurred during the 3" compression cycle of 1.5% SDR. Thus, 9 stiffening
ribs appear to be adequate for Specimen 1. It should be noted, that once local buckling occurs, plastic
strain accumulation takes place in the vicinity of damaged area resulting in very high values of PEEQ.
The values tend to rapidly increase with the repeated loading cycles, as shown in Fig. 16c.
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Fig. 17 depicts the overall deformation of all FE models listed in Table 3 for the 5™ compression
loading cycle of 1.5% SDR. By observing this figure, one can see that there is a considerable
improvement in the performance of the model in terms of restraining mid-length local buckling by
increasing the number of stiffeners to 9 (Fig. 17a-g). The model with 12 stiffeners shows the same
overall performance with the model of 9 stiffeners (Fig. 17f-g). This observation can be attributed to the
fact that 9 stiffeners themselves are enough to strengthen the central part of this NBB specimen thereby
strengthening it to maximum extent and creating no difference even if greater number of stiffeners are
accommodated. This is in accordance with the finding of Fig. 16. In general, it can be stated that NBBs
can be strengthened by applying stiffeners in two-thirds of its total length along the central part leaving
both brace ends unstiffened. Further investigation is required to validate this finding considering as a
parameter the slenderness of the brace. Finally, when less than 9 stiffeners are used (Fig. 17b-e), an
unsymmetrical buckling behaviour was observed as the plastic hinge is formed within the unstiffened
brace length. A similar observation has been made in Ref. [23] where partial material strengthening was
introduced for a certain length of the brace.

~

(a) SP1

~ ~

~

(b) SP1-1ST9-B6 (c) SP1-3ST9-B6

~ ~

~

(d) SP1-5ST9-B6 (e) SP1-7ST9-B6

~ ~

~

(f) SP1-9ST9-B6 (g) SP1-12ST9-B6

Fig.17. Overall deformation of all FE models listed in Table 3 for the 5 compression loading cycle of 1.5% SDR
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4.2.2. Effect of stiffener thickness on Specimen 1

To evaluate the effect of different thicknesses of stiffening ribs on NBB performance, four models
with the same size, eccentricity, number of stiffening ribs, and batten thickness were created, varying
the thickness of stiffening ribs to 6 mm, 9 mm, 12 mm and 15 mm for comparison. The properties of the
four models are summarized in Table 4. The {.q curves, and PEMAG and PEEQ curves of the three

models are shown in Fig. 18 in the same manner with Fig. 16.

Table 4 Properties of specimens with varying stiffener thickness.

SPECIMEN L e tLy tHs oLy Oy, HS t Batten t Stiffener Stiffener
(mm) (mm) (mm) (mm) (MPa) (MPa) (mm) (mm) No. (n)
SP1-9ST6-B6 2825 85 12 9 231 638 6 6 9
SP1-9ST9-B6 2825 85 12 9 231 638 6 9 9
SP1-9ST12-B6 2825 85 12 9 231 638 6 12 9
SP1-9ST15-B6 2825 85 12 9 231 638 6 15 9
0.6 0.2 -
Damping Magnltu_de PEMAG
ratio, &, of pla_stlc
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04 . n /
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0.2 !
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0 0t
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2
Equivalent PEEQ
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15
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—e— SP1-9ST9-B6
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0 0.5 1 1.5 2
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(©)

Fig. 18. Relation of SDR with: (a) Equivalent damping ratio; (b) Magnitude of plastic strain (PEMAG); (c) Equivalent
plastic strain (PEEQ), for the FE models under the influence of varying stiffener thickness.

By observing Fig. 18a, the equivalent damping ratio for all FE models are not very different but takes
the maximum value when the thickness of the rib stiffener is 12 mm (SP1-9ST12-B6). A very close
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value is obtained when the thickness of the rib stiffener is 9 mm (SP1-9ST9-B6). On the contrary, the
damping ratio is lowest when the rib thickness is 6 mm (SP1-9ST6-B6). By observing the PEMAG and
PEEQ curves in Fig. 18b and c, respectively, the model SP1-9ST9-B6 exhibits the lowest strain values
indicating a higher reserved ductility capacity to tension loads. Moreover, for 1.5% SDR, PEEQ is lower
than the threshold for all cases indicating that local buckling is likely to be prevented during the
compression cycles of 1.5% SDR. Among the specimens, SP1-9ST6-B6 exhibits the best post-local
buckling behaviour in terms of plastic strain accumulation reaching the lower value after the completion
of the five repeated cycles of 1.5% SDR and the two cycles of 2.0% SDR. Fig. 18c indicates that the
thicker stiffeners are effective to restrain local buckling, but once local buckling occurs, they tend to
increase plastic strain demands in the vicinity of damaged area more than the medium thickness ribs. As
a result, 9mme-stiffeners were found to be most efficient in reducing local buckling of Specimen 1 which
has a channel width-to-thickness ratio B/t;yequal to 13.60.

4.2.3. Effect of batten thickness on Specimen 1

As a third parameter, the effect of batten thickness on NBB was studied. Three models with the same
size and eccentricity but different batten thicknesses were modelled with batten thicknesses of 6 mm, 9
mm, and 12 mm. It is reminded here that in the corresponding Specimen 1 of the experimental campaign,
the thickness of battens was equal to 6 mm. Here, the models considered has varying batten thickness
but no stiffeners. This is to understand the effect of batten thickness alone without the influence of
stiffeners. The use of thicker battens would be an alternative strengthening process to stiffening ribs.
The properties of the three models are shown in Table 5. The &eq curves, and PEMAG and equivalent
PEEQ curves as obtained from the FEA are shown in Fig. 19a, b and ¢ respectively, in the same manner
with Fig. 16.

Table 5 Properties of specimens with varying batten thickness.

SPECIMEN L e tLy tus oLy Oy, HS t Batten t_Stiffener Stiffener
(mm) (mm) (mm) (mm) (MPa) (MPa) (mm) (mm) No. (n)
SP1 2825 85 12 9 231 638 6 0
SP1 - B9 2825 85 12 9 231 638 9 0
SP1 - B12 2825 85 12 9 231 638 12 0
0.6 0.2
Damping Magnitude PEMAG
ratio, &g of plastic J
. ——a .. o= 0.15 strain [
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/ ---&---SP1 ,/‘ e SPl_
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Fig. 19. Relation of SDR with: (a) Equivalent damping ratio; (b) Magnitude of plastic strain (PEMAG); (c) Equivalent
plastic strain (PEEQ), for the FE models under the influence of varying batten thickness.
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Fig. 20. Comparison between SP1 and SP1-9ST9-B12 analysis results: (a) Lateral load — SDR relationship; (b) Damping
ratios — SDR relation.

The difference between the equivalent damping ratio curves of the group of models in Table 5 is small,
and almost coincide for the two models with batten thicknesses of 9 mm (SP1-B9) and 12 mm (SP1-
B12), respectively, as shown in Fig. 19a. For 2% SDR, the damping ratio of the model with 9 mm-
battens is nearly 0.31, while that of the model with 12 mm-battens is higher and equals 0.37. This is
because SP1-B9 exhibits greater strength degradation than SP1-B12 at this drift level. Observing the
PEMAG and PEEQ curves in Fig. 19b and c, respectively, both models reach almost similar values at
1.5% SDR, indicating a similar damage at this drift level. Based on these observations, both battens
appear to be effective, but SP1-B12 can be considered as the one with the more stable cyclic behaviour.

On the basis of the above parametric study related to Specimen 1, a better cyclic behaviour was
observed in the FE model designed to have 9 stiffeners with 9 mm thickness and channel battens with
12 mm thickness. This model is denoted as SP1-9ST9-B12 and is compared with the non-strengthened
FE model SP1 in Fig. 20a and b. Overall, a 43% increase was observed in its equivalent damping ratio
compared to SP1 with no stiffeners at 2% SDR, while no sudden drop of compressive strength was
observed until the very end of the damaging loading protocol. The use of sufficiently thick stiffeners
and battens can strengthen NBB’s energy dissipation capacity up to high inelastic levels, indicating that
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NBB shall be used as a reliable damping system. Future experimental work is required to validate these
findings.

4.2.4. Effect of stiffeners on Specimen 2

The effectiveness of stiffeners in SP2 is also investigated in this section. As SP2 has different section
and eccentricity compared to SP1, a different combination of the number of stiffeners, thickness of
stiffeners and thickness of battens were investigated for this case. The details of specimens used for this
comparison are shown in Table 6. In SP2, rib stiffeners with 12 mm thickness were initially designed
considering that SP2 has larger channel width-to-thickness ratio B/t.y (i.e., 16.0) than SP1 (i.e., 13.6),
thus more vulnerable to local buckling. The &q curves, and PEMAG and PEEQ curves as obtained from
the FE analysis are shown in Fig. 21a, b and c, respectively. In addition, Fig. 21c¢ plots the threshold for
PEEQ (= 0.59). This value corresponds to the PEEQ at which local buckling occurred in FE simulations
of Specimen 2 (Fig. 13: 1% compression cycle of 2.0% SDR). In Figs. 21b and c, the horizontal axis
refers to the 2" tensile loading cycle of each SDR of the loading protocol considered in this study.

SP2 with stiffeners exhibits a better performance in terms of its energy dissipation capacity compared
to SP2 without stiffeners (Fig. 21a). There is almost 35% increase in its equivalent damping ratio at 2%
SDR when stiffeners are applied along the central part of the brace. From the &4 curves and PEMAG
and PEEQ curves, the model SP2-9ST18-B18 and SP2-13ST18-B18 exhibit a similar performance.

Table 6 Properties of SP2 with varying parameters.

SPECIMEN L e Iy tHs OyLY O}, HS t Batten  t_Stiffener Stiffener
(mm) (mm) (mm) (mm) (MPa) (MPa) (mm) (mm) No. (n)
SP2 2825 130 12 9 231 638 9 0 0
SP2-9ST12-B6 2825 130 12 9 231 638 6 12 9
SP2-9ST12-B9 2825 130 12 9 231 638 9 12 9
SP2-9ST12-B12 2825 130 12 9 231 638 12 12 9
SP2-9ST12-B18 2825 130 12 9 231 638 18 12 9
SP2-9ST18-B18 2825 130 12 9 231 638 18 18 9
SP2-13ST18-B18 2825 130 12 9 231 638 18 18 13
0.6 0.3
Damping Magnitude PEMAG
ratio, £eq of plastic
- strain
SP2
0.4 0.2 SP2-9ST12-B6 . *
-~ -~ SP2-9ST12-B9 A
,,,,, 4 SP2-9ST12-B12 i
SP2-9ST12-B18
/ SP2-9ST12-B6 SP2-9ST18-B18
0.2 - e SP2-95T12-B9 0.1 || —a— SP2-135T18-B18
SP2-9ST12-B12
—e— SP2-9ST12-B18
—=— SP2-9ST18-B18
—+— SP2-13SP18-B18
0 0 =
0 0.5 1 1.5 2 2.5 3 0 0.5 1 15 2 2.5 3

SDR (%) SDR (%)

(a) (b)
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Fig. 21. Relation of SDR with: (a) Equivalent damping ratio; (b) Magnitude of plastic strain (PEMAG); (c) Equivalent
plastic strain (PEEQ), for the FE models under consideration; (d) Comparisons of lateral load — SDR relation between SP2
and SP2-9ST12-B18.

In Figs. 21b and c, the model SP2-9ST18-B18 and model SP2-13ST18-B18 exhibited lowest strain
values between 2% and 3% SDR compared to other models. When the stiffener number was increased
to 13, the performance of the brace was similar to the model with 9 stiffeners resulting in the same
number of stiffeners as in Specimen 1. The PEEQ values at 2% SDR hold below the threshold level for
all strengthened NBB models. This indicates that the local buckling is successfully delayed. More
specifically, a gentle local buckling was observed during the 4" compression cycle of 2% SDR for SP2-
9ST18-B18 and SP2-13ST18-B18, while during the 3™ compression cycle of 2% SDR for the rest of the
models. It is reminded here that in the corresponding Specimen 2 of the experimental campaign, the
thickness of battens was equal to 9 mm. Based on Fig. 21a, the larger the thickness of battens, the more
stable the hysteretic behaviour under the repeated loading cycles and the large inelastic deformations.
Nevertheless, the FE model SP2-9ST12-B12 which has 9 stiffeners of 12 mm thickness and battens of
12 mm thickness, exhibits an equally good performance with SP2-9ST18-B18. The only difference is
observed in the values of PEMAG for a 3% SDR (Fig. 21b). Considering that this drift level is relatively
large in seismic design of structures, the configuration of SP2-9ST12-B12 can also be considered
adequate to meet the performance objectives of NBB design. The application of rib stiffeners for a brace
length equal to approximately two-thirds of its total length appears to be effective for this specimen, too.
However, as it was stated before, a further investigation is required to validate this finding considering
as a parameter the length of the brace. Fig. 21d compares the cyclic lateral load — SDR relation between
the SP2-9ST12-B18 and the non-strengthened SP2 model. As shown in this comparison, local buckling
can be completely prevented under the five repeated cycles of 1.5% SDR, while the growth of local
buckling can be efficiently reduced up to a 3.0% SDR using sufficiently thick stiffeners (i.e., 12 mm)
and battens (i.e., 18 mm), thus providing a very stable hysteretic behaviour up to high inelastic levels.

5. Hysteretic model and energy dissipation performance of NBB tests
5.1. Hysteretic model of chevron NBBs

In real-world applications, it is preferred to use braces as a pair [18] to balance the difference in tensile
and compressive behaviour. In this section, the hysteretic model of NBBs arranged as chevron
configuration is developed. The proposed model is presented in Fig. 22. On the basis of the backbone
curve equations introduced in the Section 2.2, the stiffness and strength in Fig. 22 can be expressed as
follows:



K, = 2K.H cos?* @ (11)

P, = 2P, ,ycos b (12)

K, = Ky qveH cos* 6 (13)
P, = (PyLy + Pyus) cos 0 (14)
K; = K. H cos? 0 (15)

643  where H is the story height (in this paper, 2600mm which is the distance between the inner sides of top
644  and bottom beams), 6 is the installation angle of NBB (45° in this study).

645
646
4 lLateralload
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/K3
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< |

-P,
647 R — -P>
648 Fig. 22. Hysteretic loop of chevron NBBs
649 Fig. 23 compares the test results with the proposed hysteretic analytical model. The vertical axis refers to

650  the lateral forces, while the horizontal axis to the SDR. The test results shown by the solid gray line are based
651 on the hysteretic response obtained from the test campaign until a 2% SDR. Until the onset of local buckling,
652  the proposed model conservatively estimates the test results. In both specimens, the proposed model
653  underestimates the test result at the proximity of the beginning of the second stiffness range. This may be
654  attributed to the effect of relatively high isotropic hardening of LYS [39] as well as the increase of the yield
655  stress due to the cold forming of both channels [42]. The whole calculation process of the hysteretic model
656 IS provided in the Appendix.

657
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659 Fig. 23. Lateral force — story drift relation of chevron NBBs; (a) Specimen 1, (b) Specimen 2
660  5.2. Energy dissipation performance, &q
661 Utilizing the test results, the equivalent viscous damping ratio of chevron NBBs is computed. Fig. 24 shows

662  the &q values computed at each amplitude. In both specimens, energy dissipation is observed from small
663  story drifts. At 0.75% SDR, &q value exceeds 0.3 and reaches 0.4 after 1.5% SDR which is a quite high
664  Vvalue for a bracing system. The capacity of the proposed steel braces to dissipate large quantities of energy,
665 1IN some cases even in response to very small story drifts, is notable, thanks to the combined axial-flexural
666  behaviour and use of LYS.
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669 Fig. 24. Equivalent viscous damping computed at each story drift
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Fig. 25. Lateral force — story drift relation of single (a) CSB and (b) BRB specimens; Cross-sections and materials of (c)
CSB and (d) BRB specimens.

The {eq of NBBs is compared with that of a conventional steel brace (CSB) and a buckling restrained
brace (BRB). The results are shown in Fig. 24. The CSB and BRB specimens have been tested by the
authors and co-workers in a previous research work and details of this work can be found elsewhere
[43]. It should be noted that these tests were performed under a quasi-static cyclic loading protocol,
similar with the one adopted in the present experimental work of NBBs with the only difference being
that all loading cycles were repeated two times. The cyclic behaviour of the CSB and BRB specimen is
shown in Fig. 25a and Fig. 25b, respectively (single brace test). The slenderness ratio of CSB specimen
is 54.0 defined about the weak axis. Details of the CSB and BRB cross-sections are shown in Fig. 25¢
and d, respectively. The q of both the CSB and BRB has been calculated considering chevron
configuration as in the calculation of q for NBBs. By comparing the &eq of all brace specimens, BRB
and NBB exhibit a higher energy dissipation performance compared to CSB. NBB exhibits a lower Ceq
than the BRB specimen because of its higher post-yielding stiffness. As this can be explained through
the definition of g, a hysteretic behaviour with high post-yielding stiffness naturally leads to a smaller
¢eq When compared with systems of almost no post-yielding stiffness (e.g., BRB specimen) [41].
Moreover, LYS was utilized in the fabrication of the yielding core of the BRB specimen, thereby a very
“fat” hysteretic loop is observed in BRB swollen by the high isotropic hardening of the LYS.

6. Conclusions

In this research, the cyclic behaviour of Naturally Buckling Braces (NBB) was investigated through
full-scale testing and computational simulations. Two different specimens with intentional eccentricity
were tested to evaluate the cross-sectional size and influence of eccentricity on the brace performance.
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A finite element (FE) model was prepared in ABAQUS software to conduct a parametric study for
exploring various strengthening methods of NBB's built-up section against local buckling and
cumulative damage. The use of sufficiently thick stiffeners and battens can strengthen NBB's energy
dissipation capacity up to high inelastic levels, indicating that NBB shall be used as a reliable damping
system. An analytical formula for modeling the hysteretic behaviour of NBB in chevron configuration
is also proposed and validated with the test results. Main conclusions are as follows:

e The two full-scale test specimens exhibited a stable behaviour without any fracture or substantial
strength deterioration up to a 1.5% story drift ratio (SDR). The specimen with larger steel section and
eccentricity designed for higher ductility demands showed high plastic deformation capacity with
small amount of tensile strength deterioration even after the completion of 5 repeated loading cycles
of 2% SDR. The brace retained 94% of the tensile force reached in the first tensile cycle of the repeated
loading.

e In order to enhance member’s strength as well as its energy dissipation performance, asymmetric
full-scale built-up sections that employ a thicker low-yield-point steel (LYS) channel than the
counterpart high-strength steel (HSS) channel was proposed. Test result suggested that although the
hysteretic behaviour of such steel section configuration behaved as expected, local buckling was
triggered at a smaller SDR (i.e., 1.5% or 2.0%) compared to the corresponding half-scale specimens
with symmetrical built-up section (i.e., 3.0%). This is because the centroid of the asymmetrical
section moves towards the LY'S channel centroid, thus reducing the effective intentional eccentricity.
The onset of local buckling in full-scale specimens at an earlier SDR than in half-scaled specimens
is also related to the size effect.

e The proposed in-plane gusset-plate connection behaved like an ideal pinned connection allowing the
bracing system to develop its beneficial high post-yielding stiffness and ductile behaviour. After
brace ends reached a maximum rotation of 0.12 rad, no cracks or fracture was observed in the gusset-
plate connections.

o The application of rib stiffeners in the steel sections for a central length approximately equal to the
two-thirds of the total brace length was found to be beneficial based on the FE results. About 40%
increase of the energy dissipating capacity at a 2% SDR was observed in the rib strengthened NBBs
compared to the non-strengthened NBBs. Specimen 1, which has an effective eccentricity over cross-
sectional radius of gyration (e”/ rcom) €qual to 1.23 and a slenderness ratio equal to 44, requires at
least 9 stiffeners and channel battens of 12 mm thickness. Specimen 2, which has an e”/ rcom equal
to 1.63 and a slenderness ratio equal to 37.9, requires at least 9 stiffeners and channel battens of 12
mm or 18 mm thickness.

o By comparing the equivalent damping ratio, and the maximum and cumulative strain curves for the
FE models with various number of stiffeners, thickness of stiffeners and thickness of battens, it can
be concluded that the number of rib stiffeners has the greatest impact on the cyclic behaviour of
NBB, followed by the thickness of battens. The thickness of rib stiffeners has the smallest influence
on the energy dissipation capacity of NBB but rib stiffeners of at least 9 mm thickness shall be used
for the NBB section with channel width-to-thickness ratio B/f,y = 13.6 and at least 12 mm thickness
for B/try = 16.0. Based on FE analysis results, local buckling can be reduced up to a SDR equal to
3% in strengthened full-scale NBBs.

e The proposed hysteretic model estimated the test results of full-scale specimens with relatively good
accuracy and in a conservative way. Since the equations in the literature are based on the result of
scaled specimens, size effect is considered as negligible for the backbone or hysteresis estimation.
It should be noted that, in order to avoid overestimation of the strength in compression, prevention
of buckling in the LYS steel channel is essential at least for the target SDR.
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e The test specimens provided an equivalent damping coefficient &eq equal to 0.3 at 0.75% SDR. The
Ceq further increased and reached a value of 0.4 after 1.5% SDR. This value is larger than what is
typically observed in conventional steel braces and lower than what is observed in buckling
restrained braces. NBB is deemed to provide an efficient energy dissipation capacity as a lateral load
resistant system for braced frame structures.
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863  Appendix

864 Calculation of section property and hysteretic loop of full-scale NBB specimens tested in this paper is
s65  summarized as follows.

s66  A.1. Primary property : Specimen I, Specimen 2
867 HSS channel cross-sectional area Axs : 2,253 mm?, 2,687 mm?
868 LYS channel cross-sectional area Azy : 2,819 mm?, 3,430 mm?

869 Steel Young’s modulus £ : 205,000 MPa

870 Distance between brace center and the line of force action ¢” : 85 mm, 130 mm
871 Initial eccentricity e”: 78.7 mm, 121.8 mm

872 Eccentricity of HSS channel only e : 148.6 mm, 203.3 mm

873 Radius of gyration rcom : 64.2 mm, 74.6 mm

874 Brace effective length L : 2,825 mm

875 Section modulus Scom @ 292,121 mm?, 411,735 mm’

876 HSS yield stress syus : 638 MPa

877 LYS yield stress s,y : 231 MPa

878 P, = 2P,y cos 6 =700 kN, 711 kN

879 Py = (PyLy + Pyus) cos 0 = 1,964 kN, 2,315kN

880 LYS ultimate stress s,,.y : 308 MPa
881

882 A.2. Backbone calculation : Specimen I, Specimen 2

E(ALy+Aps)/L
883 K, = —52
1+(e /Tcom)

~p _ _ Oyy(Ay+Aps)
884 Py iy =F = Tre iyt A0 /S 495 kN, 503 kN

885 C; = {—0.0045(e" /Teom) + 0.024}(L/Teom) = 0.814, 0.631

= 147,067 N/mm, 120,837 N/mm

886 Cp = {—045(e/Toom) + 175} 0y ns/0yy) - =0.721, 0.611

_ EAys/L _
887 Ky = e/ Coreo e 17,995 N/mm, 9,908 N/mm



888

889

890

891

892

893

894

895

K — EAHS/L
P2 7 1+{Cze/(C1Tcom)}?

=31,393 N/mm, 24,487 N/mm
Kpave = (Kpy + Kp2)/2 = 24,694 N/mm, 17,198 N/mm

P

V,HS = Uu,LYALY + Gy,HSAHS = 2,283 kN, 2,771 kN

A.3. Hysteresis loop calculation : Specimen 1, Specimen 2
K, = 2K H cos? 6= 1,911 kN/%, 1,570 kN/%
K, = K, qpeH cos? 6=321 kN/%, 224 kN/%

K; = K, H cos? 8= 956 kN/%, 785 kN/%



