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Eccentrically braced frames fabricated with high-strength steel (HSS-EBFs) are a new type of seismic structural
system. HSS-EBF systems can incorporate Q345 steel (nominal yield strength: 345 MPa) for links, high-
strength steel (HSS) (nominal yield strength not less than 460 MPa) for beams and columns, and HSS or Q345
steel for braces. This configuration not only reduces the amount of steel consumed but also increases the usage
of HSS in seismic areas. This paper describes an experimental study on HSS-EBFs with vertical links. One half-
scale three-storey one-bay by one-bay building with Y-shaped HSS-EBFs (Y-HSS-EBFs) was subjected to a con-
stant vertical linear dead load and cyclic lateral load to examine the seismic performance. The structural failure
process, ductility, stiffness, deformation capacity, and energy dissipation capacity of the Y-HSS-EBFs were inves-
tigated. The analysis confirmed that the cyclic behaviour of the Y-HSS-EBFs showed good performance for plastic
deformation. The force-displacement hysteretic curves of the Y-HSS-EBFs exhibited good plastic deformation be-
haviour and did not generate the pinching phenomenon. The maximum storey drift ratio and maximum ductility
factor on the first storey reached 1/40 and 2.5, respectively. However, severe instability and damage were ob-
served up to the maximum storey drift angle. Plastic deformation is mainly due to the shear deformation of
the link web and bending deflection of the link flange at the link-to-beam connection in the first storey. This
paper presents an analysis of the experimental investigation and test results can be referred to for the seismic de-
sign of this new type of structure.
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1. Introduction

Eccentrically braced frames (EBFs) are characterised by both excel-
lent ductility and good energy dissipation. They are widely used as a
lateral-force resisting system for multi-storey buildings located in seis-
mic areas [1-3]. The EBF system relies on the plastic deformation of a
link beam, and its behaviour with different brace patterns has been in-
vestigated [4-9]. Fig. 1 illustrates several common EBF arrangements
[10,11]. The eccentricity caused in these frames is represented by the
parameter e; the eccentric link is the weakest part of the frame and is
the primary dissipation mechanism for the energy resulting from earth-
quakes [12].

Abbreviations: HSS-EBFs, eccentrically braced frames fabricated with high-strength
steel; Y-HSS-EBFs, Y-shaped eccentrically braced frames fabricated with high-strength
steel; EBFs, eccentrically braced frames; H-EBFs, eccentrically braced frames with horizon-
tal links; V-EBFs, eccentrically braced frames with vertical link; LVDTSs, linear variable dis-
placement transducers; HSS, High-strength steel.
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E-mail address: sumingzhou@163.com (M. Su).
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0143-974X/© 2016 Elsevier Ltd. All rights reserved.

The link is configured either horizontally or vertically. Therefore,
there are two general types of EBFs: horizontal (H-EBF) and vertical
(V-EBF) [12]. Previous studies [13] have demonstrated that a V-EBF sys-
tem possesses the advantages of an H-EBF system (e.g. good ductility,
high elastic stiffness, and functionality as ductile structural fuses)
while also being able to restrict the plastic deformations of the beam
members. This arrangement allows links damaged after a massive
earthquake to be changed without replacing the beams. Note that,
when using vertical links, the section designs of the link beams should
be flexible enough to meet the required strength without requiring
the uniform cross-section of the beam members [14].

Conventional EBF members often need large cross-sections owing to
the use of steel with medium yield strength. This design not only con-
sumes a great deal of steel material but also increases the construction
cost. To address this significant drawback, an alternative approach of
designing EBFs with HSS (e.g. Q460 or Q690 steel, which have nominal
yield strengths f, of 460 or 690 MPa, respectively) [15] (HSS-EBFs) has
been investigated. In these structures, the links use Q345 steel (f, =
345 MPa), the beams and columns use HSS, and the braces use Q345
steel or HSS [16]. Under earthquake loads, the column, beam, and
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Fig. 1. Typical eccentrically braced frames.

brace members of HSS-EBFs are designed to remain in the elastic stage
or show slight plasticity while the links enter the plastic stage complete-
ly. This structure can satisfy seismic design requirements with no de-
mands for plastic deformation of the steel used in the column
members. Under the same design conditions, HSS-EBFs have smaller
member sections than EBFs because of the use of HSS. Because of im-
provements in the material properties of steel and the further develop-
ment of steel production processes, HSS has been used in the
construction of steel structures around the world, including buildings
and bridges. Their advantages include structural safety, architectural
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Fig. 2. Plan view of the test specimen.
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Fig. 3. Elevation view of the test specimen.

functions, economics, and reduced resource consumption [15,17]. Cur-
rent design specifications such as Eurocode 3 [18] and ANSI/AISC 360-
10[19] extend the scopes up to steel grades of 700 and 690 MPa, respec-
tively [15]. However, the scopes of the Chinese code GB50011-2010 [20]
and GB50017-2003 [21] are limited to normal-strength steel structures
because HSS has poor plastic deformation capacity. An HSS-EBF struc-
ture can satisfy seismic design requirements with little or no demand
for plastic deformation of the HSS used in column and beam members.
This configuration can increase the usage of HSS in seismic areas. Struc-
tural engineers can select the HSS-EBF arrangement for mid-rise build-
ings because of the low cost [16]. Dubina et al. [22] conducted an
experimental study on four K-shaped dual-steel EBF specimens with re-
movable links to examine the seismic behaviour of such systems. Their
results showed that these systems can restrict plastic deformations to
removable links and decrease the permanent drift of the structure.
Duan et al. [23] tested 1:2 scale models of four one-storey and one-
bay K-shaped HSS-EBFs under monotonic and cyclic loads. The experi-
mental results suggested that, under cyclic loads, beam-column frames
fabricated with HSS remain in the elastic stage while links using con-
ventional steel enter the plastic stage completely. Lian et al. [16]
established several finite element models of HSS-EBFs and EBFs to com-
pare the seismic performance and material costs of the two systems.
They concluded that HSS-EBFs perform well under strong seismic action
and reduce the member sections and structural weight when buildings
are less than 16 storeys.

These advantages of V-EBFs and HSS-EBFs led the authors to consid-
er a new structural system that combines the two structures: HSS-EBFs
with vertical links (V-HSS-EBFs). The Y-shaped V-HSS-EBF (Y-HSS-EBF)
is the most common arrangement. Currently, only four one-storey and
one-bay planar Y-shaped HSS-EBFs specimens have been statically test-
ed at the Xi'an University of Architecture and Technology in China [24].
Lateral restraints, which can affect the validity and reliability of the test
results, were used to avoid out-of-plane instability of the specimens
during the experiments. Meanwhile, the seismic response of a multi-
storey structure is not similar to that of a single-storey structure. Thus,
an additional investigation of multi-storey Y-HSS-EBFs was needed to
evaluate the full three-dimensional response. This article presents an
experimental study on the seismic performance of one half-scale
three-storey (one bay x one bay) steel frame building. The hysteretic
behaviour, failure mechanism, and cyclic energy dissipation of the Y-
HSS-EBF building were analysed. To the authors' knowledge, this is

Table 1
Sizes of the specimen members.

Member Section (h x by X ty x tg)
Beam H140 x 100 x 8 x 10
Spandrel beam H140 x 100 x 8 x 10
Column H125 x 125 x 8 x 10
Brace H100 x 100 x 6 x 10
Link H180 x 100 x 6 x 10
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Fig. 4. Specimen sectional dimensions. h: section depth, b¢: flange width, t,,: web
thickness, and t;: flange thickness.

Table 2

Mechanical properties of the steels used.
Steel Q345B Q345B Q460C Q460C
Thickness t (mm) 6 10 8 10
Yield stress f, (MPa) 414.70 363.80 473.50 455.60
Ultimate strength f, (MPa) 542.03 545.80 635.10 598.50
Yield strain g, (x 1073) 1.97 1.81 2.23 2.32
Elastic modulus E (x 10> MPa) 2.11 2.01 2.12 1.96
Elongation ratio (%) 6 28.29 28.74 25.36 23.48

the first experimental study on the seismic performance of Y-HSS-EBFs
in three dimensions. This paper describes the specimen, loading proce-
dure, test setup, and experimental results. Improvements in the
weldability and mechanical properties along with the availability of im-
proved welding processes and welding consumables have allowed HSS
to become an economical alternative to conventional steel [16]. The in-
tention of this work was to help spread the use of HSS in building struc-
tures in high seismic activity zones.

2. Experimental programme
2.1. Test specimen

The experimental study was conducted at the Xi'an University of Ar-
chitecture and Technology. In accordance with the relevant Chinese
code [20,21], a specimen providing lateral load resistance considered
was designed. The design was characterised by a peak ground accelera-
tion of 0.2 g with a 10% probability of exceedance in a 50-year period
and a fortification intensity of 8°. The designed frame was located on
firm rock (site class I in the Chinese code [20]). Based on the load-
bearing capacity of the actuator, one half-scale specimen was designed
and fabricated with typical concrete floor decks. Figs. 2 and 3 show
the plan and elevation views, respectively, of the test frame. The test
structure was a three-storey Y-HSS-EBF building with a one-
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Fig. 5. Details of connection types.

bay x one-bay plan. The model had a base area of 2.85 m x 2.85 m
and storey height of 1.8 m. The test structure was formed by two frames
(1, 2) parallel to the loading direction and two frames (A,
B) perpendicular to the loading direction. Frames 1 and 2 each had an
eccentric bracing system, which are represented by short solid lines in
the beam members (see Fig. 2). The length of the link was 350 mm.
Table 1 gives the final selection of structural members in the design,
where ‘H’ refers to the welded H-shaped section (see Fig. 4) in units of
millimetres. The floor slab thickness was 80 mm, and concrete with a
minimum compressive strength of 20.1 MPa was specified. The floor
deck of the specimen contained two mats of orthogonal deformed
steel bar reinforcements at a spacing of 100 mm. The concrete floor
and beams were connected by headed shear studs welded along the
middle of the top flange of the beams at intervals of 100 mm (see Fig. 3).

In the test structure, the columns and beams of the structures used
Q460C steel with nominal yield strength of 460 MPa, while the links,
braces, and spandrel beams used steel Q345B with a nominal yield
strength of 345 MPa. Based on the Chinese code [25], four tensile cou-
pons with different thicknesses and materials were considered in the
experiment to determine the material performance of the steel plates
used in the specimen. Table 2 gives the results.

Welded joints were used to connect the link to the beam and other
elements in the test specimen. Full-depth web stiffeners were fabricated
on both sides of the column web and beam web at the column-to-beam
connections. The links were also provided with full-depth web stiffeners
spaced at 110 mm. Fig. 5 shows schematics of the details for the
column-to-beam and link-to-beam connections.

2.2. Test setup and measurement

Fig. 6 illustrates the general arrangement of the experimental setup.
The specimen was bolted to six rigid foundation steel grinders, which in
turn were restrained by two strong steel beams to prevent the frame
specimen from lifting during testing.

Two 1000-kN and one 500-kN servo-actuators were used to apply
low-cyclic horizontal loading on the Y-HSS-EBFs through the rigid load-
ing beams. The load proportions of the three load points were main-
tained at 3:2:1 from top to bottom as determined by the base shear
method. Instrumentation including load cells was used to measure the
reactions and applied actuator force.

The behaviour of the boundary frames and links during the testing
was measured. Fig. 6 shows the measuring instruments. The horizontal
displacement of the column-to-beam connections for each storey were
measured with six linear variable displacement transducers (LVDTs),
and the relative displacement between the frame base and rigid steel
beam were measured with two dial gages. To get the principal stresses
of the specimen, rosette and uniaxial strain gauges were installed in
some higher-stress areas (e.g. link web, link flange, link-to-beam con-
nections, column-to-beam connections, column footing).

2.3. Loading programme

Based on Chinese specifications [26], the vertical loads and horizon-
tal cyclic loads were imposed on the test specimen. First, sand bags were
laid on the first floor, second floor, and roof of the specimen to reach
dead loads of 6.3, 6.3, and 7.1 kN/m?, respectively. Then, horizontal
loads were applied with mixed force and displacement to the Y-HSS-
EBFs in cycles. The loading programme is shown in Fig. 7. In the loading
control range, the horizontal cyclic load was incremented at an
amplitude of 80 kN, and each increment was applied over one loading
cycle. After yielding occurred, the test load was applied by the
displacement-control method, and the applied displacement was the
roof drift at this moment. In this range, the load incremental amplitude
was 0.5A, and three cycles of roof displacements were imposed on the
experimental structure for each displacement increment. This process
was repeated until either the test load dropped under 85% of the peak
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Fig. 6. Test structure and instrumentation (LVDT: linear variable displacement transducer).

load or a significant declination in the loading-displacement loop was
observed.

3. Test results and analysis

3.1. Damage evolution and failure mode

A/4

force-controlled loading stage, the frame was mostly elastic up to a lat-
eral load of 560 kN. Yielding was observed at the link webs on the first
storey at the lateral load of 640 kN. Then, the test load entered
displacement-control mode. The test load is a function of the yielding
displacement Ay, which was measured to be 10.06 mm for the speci-
men. Fig. 8 shows the structural damage evolution of the specimen
under cyclic loading: (1) at the displacement level of 1A, the link
Fig. 7. Loading programme. webs on the first storey showed ductile yielding (see Fig. 8a); (2) at

vy v v V v v v PR The experimental phenomena are summarized as follows. With the

ad control Displacement control
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(b) Beam web yielding of the link-to-beam connection
on the first storey

Flange tearing next to welds

X

Out-of-plane specimen
deformations —>

(f) Plastic hinge on the first storey

Brace flange plastic
ending

O

(g) Fracture of link-to-brace connection in frame 1 on
the first storey

Fig. 8. Structural damage to the test specimen during the experiment.
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Fig. 9. Force-displacement hysteretic curves.

1.5A,, the link webs on the second storey showed ductile yielding;
(3) during the first cycle at 2A,, the beam webs at the link-to-beam con-
nections on the first storey showed partial yielding (see Fig. 8b); (4) dur-
ing the third cycle at 2A,, the flange at the column B-1 base, the column
A-2 base, and the link close to the link-to-beam connection end on the
first storey showed ductile yielding, and concrete was crushed on the
first floor (see Fig. 8c); (5) during the first cycle at 2.5A,, the beam stiff-
ener in frame 1 on the first storey showed a weld fracture (see Fig. 8d);
(6) during the second cycle at 2.5A, the beam in frame 1 on the first sto-
rey showed flange tearing (see Fig. 8e); and (7) during the third cycle at
2.5Ay, frame 1 in the first storey started showing out-of-plane displace-
ment (see Fig. 8f). After that, as the beam flange continued to tear, the
out-of-plane displacement became increasingly significant, and the cor-
responding end-plate connecting the link to the diagonal braces frac-
tured (see Fig. 8g). Finally, during the first cycle at 3.0A, a plastic
hinge formed at the link-to-beam connection in frame 1 of the first
level and a significant declination of the loading-displacement loop
occurred.

3.2. Hysteretic behaviour
Figs.9 and 10 illustrate the cyclic response and skeleton curves of the

base shear force versus roof drift as part of the analysis on the seismic
behaviour of the Y-HSS-EBFs.
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As shown in Fig. 9, the cyclic response of the Y-HSS-EBFs exhibited
good plastic deformation behaviour and did not generate the pinching
phenomenon. During the first eight cycles, the specimen showed elastic
behaviour, and the hysteretic curves covered a small area. The rigidity of
the hysteretic curves degraded slightly on the displacement-controlled
stage, and residual displacements occurred upon unloading. The size
of the envelope of the hysteretic loops shows no signs of decreasing
until the fracture of the link-to-beam connection. The test revealed
that the collapse was due to the failure of the link-to-beam connection
in frame 1 of the first storey. As illustrated in Fig. 10, the global response
curves softened from the peak value; this corresponded to the beam
flange crack propagation along the link web in frame 1 on the first sto-
rey (see Fig. 8e). With further loading, both plastic bending of the diag-
onal brace flange and fracture of the corresponding end-plate
connecting the link to the diagonal braces occurred (see Fig. 8g).

The most important characteristic of Y-HSS-EBFs is the inequality of
the two end moments of the links resulting from the inequality of the
stiffness of the floor beam and the bracing members [12], as shown in
Fig. 11. The stiffness of the floor beam is much greater than that of
braced members. Therefore, the link moment M, that developed near
the storey beam was larger than the moment M, adjacent to the braced
members. If the link in frame 1 on the first storey is considered to be a
free body, the equilibrium free body diagram is as shown in Fig. 12.
The arrangements of the rosette and uniaxial strain gauges on the link
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Fig. 10. Skeleton curves of cyclic responses.
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M
Mo,

Fig. 11. Bending distribution of Y-HSS-EBFs.

web and link flange are shown in Fig. 13. The link moments can be ob-
tained by the material mechanics formulas 0 = My /I, and o = Egin the
elastic range. Therefore, the link moments near the storey beam and ad-
jacent to the braced members can be approximated as My = Egql, / y
and Mg = — Ese,l, / y, where E¢ is the elastic modulus of the link flange,
I, is the section moment of inertia, y is half of the link height, and &, and
&, are the values of uniaxial strain gauges No. 1 and No. 2, respectively.
The link shear can be given by the formulas 7 = (FS) / (I.d) and 7 = Gy
in the elastic range, and the link shear near the storey beam can be ap-
proximated as Fa = GwYal.d / S, where G,, is the shear modulus of the
link web, d is the web thickness, S is the static moment of half of the
link section, and ya = €3 + &5 — 2¢g4 is the shear strain of point A.
Fig. 14 shows the strain-storey drift skeleton curves. Some of the rosette
and uniaxial strain gauges failed during the displacement-control load-
ing stage; thus, only the values of the force-control loading stage are
given (see Fig.14). The link moments were proportional to the link
flange strain at the corresponding positions, and the differences be-
tween &; and &, and between M, and Mg gradually increased with the
lateral load (see Fig. 14). According to the force-balance principle
(XM = 0), the link moments and link shear have to satisfy the relation-
ship My + Mg + Vae; = 0, where e; = 0.25 m was the distance between
the first and third rosette strain gauges along the link. By substituting
the values of the strain gauges at the lateral load of 240 kN in the
above equations, the relationship Ma + Mg + Vae; = 10.70 + 1.22-
46.39 x 0.25 = 0.32 = 0 was basically satisfied. Towards the end of
the force-control loading stage, the uniaxial strain gauge No. 4 reached
the yield point strain, and the test load entered the displacement-
control stage. This experiment result showed that the combined action
of the link flange moment near the storey beam and the large shear load
of the link web probably produced the beam flange fracture in frame 1
of the first storey, and the links in the first storey were mainly subjected
to shear and flexural failure.

Figs. 15 and 16 show the cyclic responses and skeleton curves for
each storey of the specimen; the storey drift is on the horizontal axis,
and the storey shear is on the vertical axis. The top storey drift was
equal to the displacement of the LVDT on the roof subtracted by the dis-
placement of the LVDT on the middle floor, and the storey shear of the
top storey was equal to the actuator force applied to the top loading
beam. The second storey drift was equal to the displacement of the

Fig. 12. Free-body diagram of all forces.

S

Fig. 13. Link and strain gauges.

LVDT on the middle floor subtracted by the displacement of the LVDT
on the bottom floor, and the storey shear of the second storey was
equal to the actuator force applied to the top loading beam plus the ac-
tuator force applied to the middle loading beam. The first storey drift
was equal to the displacement of the LVDT on the bottom floor, and
the storey shear of the first storey was equal to the sum of the three ap-
plied actuator forces (i.e. the base shear).

As shown in Fig. 15, the first storey demonstrated a relatively stable
hysteretic performance and performed well in terms of ductility and en-
ergy dissipation. During the loading process, the link webs of the first
level yielded first and dissipated a large amount of seismic energy. The
link webs of the second level yielded after the first storey and dissipated
a small percentage of the seismic energy. There was a linear relationship
between the storey shear force and the inter-storey displacement of the
third level. Therefore, the stiffness variation was insignificant, and the
residual deformation was negligible.

When a displacement of 2.5A, was applied to the specimen, the
maximum load-bearing capacity was reached, and the bearing capacity
dropped rapidly when the displacement exceeded 2.5A,. This degrada-
tion was attributed to the observed beam flange fracture of frame 1 on
the first storey. Because out-of-plane displacement of frame 1 on the
first storey occurred, only the storey drift in frame 1 on the first storey
gradually increased with the force degradation, while the other storey
drifts showed a clear decrease. Even though the hysteretic loops de-
clined sharply during the first cycle at 3.0A, the specimen still had a
surplus bearing capacity after the failure of the link-to-beam connec-
tion. This result shows the significance of the redundant bearing capac-
ity provided by the dual seismic resistant system. Later in the
experiment, the links and braces severely buckled (see Fig. 8g), and
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Fig. 14. Strain-storey drift skeleton curves.
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Fig. 15. Storey shear versus storey drift.

the beam-column frames carried most of the lateral load. The Y-HSS-
EBFs are typical dual structures and clearly show the importance of pro-
viding a reliable energy dissipation mechanism (Y-shaped eccentric
brace) within the beam-column frames [27-28]. The HSS-EBFs with
vertical links showed good resistance against collapse, and the damaged
vertical links can be easily inspected and replaced after a massive
earthquake.

3.3. Performance of the test specimen

Table 3 and Table 4 present a related dataset of the three key pa-
rameters (i.e. yield point, peak point, and failure point) for analysis
of the overall cyclic loading process. The base shear of each frame
in the specimen and the corresponding roof drift were given for
the three points, as indicated in Table 3, and Table 4 presents the
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Fig. 16. Skeleton curves for each storey.

storey shear and corresponding storey drift angle for the three

points.

The yielding loads of the structures were determined based on the
‘equivalent stiffness method’ [29], as shown in Fig. 17. Point A is the

Table 3

Summary of the measured results for the specimen.

intersection of the tangent line of the curve through the origin and the
horizontal line through peak point C of the skeleton curve. Point B is
the intersection of the perpendicular line from point A to the A axis
and backbone curve. The load corresponding to point B is the yielding

Name Loading direction Yield point Peak point Failure point Py/Ay/(KN/mm)
Ay/mm Py/kN Ap/mm P,/kN Ay/mm Py/kN
Frame 1 Positive 49.39 948.35 71.40 1139.02 75.52 968.17 19.20
Negative 49.93 980.07 74.24 1183.71 74.87 1021.31 19.63
Frame 2 Positive 43.95 908.21 66.60 1100.45 47.65 935.38 20.66
Negative 46.62 958.02 69.93 1149.19 50.50 999.78 20.55
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Table 4
Strength and displacement at different characteristic points of each storey.
Name Loading direction Position Yield point Peak point Failure point
0,/% V,/kN 0,/% V,/kN 0u/% V,/kN
Frame 1 Positive First storey 1/101 948.35 1/56 1139.02 1/43 968.17
Second storey 1/104 839.93 1/73 958.54 1/90 814.76
Third storey 1/127 578.69 1/120 611.54 1/136 519.81
Negative First storey 1/100 980.07 1/53 1183.71 1/40 1021.31
Second storey 1/103 908.26 1/72 980.93 1/117 851.07
Third storey 1/125 615.52 1/120 628.16 1/129 533.94
Frame 2 Positive First storey 1/119 908.21 1/63 1100.45 1/94 935.38
Second storey 1/107 816.56 1/73 945.61 1/106 803.77
Third storey 1/149 549.16 1/134 596.76 1/155 507.25
Negative First storey 1/111 958.02 1/60 1149.19 1/91 999.78
Second storey 1/103 896.33 1/72 996.33 1/103 846.88
Third storey 1/140 550.12 1/120 612.15 1/136 520.33
P Table 5
P A C Cyclic energy dissipation of the specimen.
Pp 7777777 7’i 77777777 L -D Name  Displacement Global First-storey ~Second-storey Third-storey
& /| } ! structure
Pyl-=—— 1B o
- } ! E/] C. EXK C. EXK  Ce EK] Ce
i i : Frame 1.04A, 436 019 275 031 046 006 036 0.13
| | : 1 1.5A 1769 038 13.84 0.75 289 025 151 025
) } I 2.0Ay 56.25 0.82 36.66 1.19 1348 069 165 0.19
} } : 2.5A, 96.54 1.19 5691 1.57 2511 1.07 298 044
} ! 4 3.0Ay 8396 1.13 6639 151 873 063 231 038
| | : Frame 1.0, 322 019 180 025 045 006 024 0.06
Ay A A A 2 1.5Ay 1421 038 9.85 063 238 019 068 0.13
N v 2.04 46.68 0.75 2891 1.07 1332 0.75 121 0.19
254y 84.02 1.13 4412 138 2356 1.01 124 0.3
Fig. 17. Schematic diagram of equivalent stiffness method. 3.0A, 2311 057 1567 0.88 461 038 068 0.13

load Py, the load corresponding to peak point C is the maximum load.
The displacement corresponding to point B is the yielding displacement
Ay, and the displacement corresponding to point C is the peak displace-
ment A, Point D on the skeleton curve corresponds to 85% of the max-
imum load (or the ultimate load with the skeleton curve not achieving
85% of the maximum load at the end of the experiment), and the dis-
placement corresponding to point D is the ultimate displacement A,.
The ratio of the ultimate displacement A, and yielding displacement
Ay is the ductility of the structure.

As summarized in Table 3, the following data were collected and
analysed: (1) Py, P, and P, = the yielding load, peak load, and ultimate
load, respectively; (2) Ay, Ap, and A, = the displacements of the roof
corresponding to the loads Py, Py, and P, respectively; and (3) Py/
Ay = lateral elastic frame stiffness before link buckling.

Table 4 gives the experimental results of each storey corresponding
to the loads Py, P, and P, respectively: Vy, V;, and V,, are the storey shear

T A
g B
|
|
FA ¢/ lE
i O Displacement
|
|
D

Fig. 18. Calculation of the energy dissipation coefficient.

and 6, 6,,, and 6y, are the storey drift ratio. The storey drift ratio is de-
fined as 0; = A;/ H, where A; is the storey drift and H is the storey height.

Table 3 indicates that the base shear and roof drift in the positive
and negative directions of the test specimen were approximately the
same, and the specimen had high strength and elastic stiffness. The
combined effect of both the beam-column frame and eccentric
brace system contributed to the lateral stiffness of the Y-HSS-EBFs.
The beam-column frame fabricated with HSS can be considered to
be a reserve defence for earthquake resistance apart from the bracing
system. This paper provides the typical characteristics of a Y-HSS-
EBF structure under a cyclic load. The response can be summed up
with three effects: cumulative damage to the vertical links, surplus
bearing capacity contributed by the beam-column frame fabricated
with HSS, and little or no nonlinear deformations in the beam mem-
bers. At the displacement level of 2.0Ay, ductile yielding of the link
webs, link flanges, and beam webs on the first storey and ductile
yielding of the column bases occurred. These results are in line
with the typical characteristics of a Y-HSS-EBF structure under a cy-
clic load. Table 3 also indicates that frame 1 endured a larger lateral
force than frame 2 because of the initial geometric imperfections
from fabrication and assembly. At the displacement level of 2.5A,
weld fracture of the beam stiffener and beam flange tearing oc-
curred. These unwanted behaviours resulted from the loading
setup. Owing to the influence of the initial imperfection of the struc-
ture, there were some minor differences in the lateral stiffness be-
tween the two frames. When the test entered into the elastoplastic
phase, the unwanted behaviour due to differences in the displace-
ment and horizontal load distribution of the loading beam ends
gradually occurred. The test was stopped after the completion of
the displacement 3.0A,. However, some strength and ductility con-
tributed by the beam-column frame remained.
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As indicated in Table 4, the maximum storey drift ratio of the test
specimen was 1/40, which is much greater than the limit value spec-
ified by the Chinese Seismic Design Code (GB50011-2010) [20],
where the limit is 1/50. This indicates that the test specimen had
good elastoplastic deformation capacity. The start of yielding was
clearly observed when the storey drift angle reaches 1/101 for
frame 1 and 1/119 for frame 2 on the first storey (see Table 4). The
links on the first storey accessed the elastoplastic deformation
phase, and permanent deformation occurred. At the beginning of
the test, the inter-storey drift of frame 1 was nearly the same as
that of frame 2 on the first storey. However, during the final two cy-
cles of the load process, frame 1 on the first storey began to absorb
more of the total structure deformation as a result of the out-of-
plane displacement. The maximum ductility factors of frame 1 on
the first storey reached 2.5, and the specimen generally had good
ductility. The maximum plastic rotation of the link from the test
was 0.08 rad, which reached the implied minimum value outlined
in the seismic design provisions for EBFs [30]. Only one link in
frame 1 on the first storey reached this limit. There are two reasons
for this: first, frame 1 initially failed because the horizontal load dis-
tribution was asymmetric between the two frames; second, the first
level with the maximal link rotation angle endured the largest lateral
force.

3.4. Cyclic energy dissipation

The energy dissipation coefficient Ce, which can be calculated by di-
viding the sum of the areas Sagc and Scpa by the sum of the areas Sogg
and Sopr (see Fig. 18), was introduced and used as an index to evaluate
the dissipative capacity of the vertical links in Y-HSS-EBFs under a seis-
mic load.

The energy dissipation coefficient increased steadily after the links
began to yield, which indicates that the dissipated energies gradually in-
creased as the displacement increased. During the test, the links on the
first storey dissipated a large amount of energy, and the links on the sec-
ond storey demonstrated limited energy dissipation capacity during the
subsequent cycles. However, the third level of the specimen remained
in the elastic state with no plastic deformation. Table 5 summarizes
the values for the energy dissipation coefficient C, and dissipated energy
value E, which represent the energy dissipation capacity of the test
structure. The dissipated energies increased steadily after the frame
members began to yield, and more than 50% cyclic energy was dissipat-
ed by the first storey. The maximum values of the energy dissipation co-
efficients of the two frames on the first storey both exceeded 1.3, which
indicates that the Y-HSS-EBF structure had excellent energy dissipation

capacity.
4. Conclusions

This paper presents an experimental study on a half-scale test
model. In this test programme, a three-storey one-bay by one-bay
building with Y-HSS-EBFs was loaded cyclically to failure. Based on
the test data and analyses, the major conclusions are as follows:

1. The failure process of the specimen under reversed cyclic loading
included ductile yielding of the link webs, link flanges, and beam
webs on the first storey; ductile yielding of the link webs on the
second storey; ductile yielding of the column bases; concrete
crushing on the first floor; and weld fracture of the beam stiffener,
beam flange tearing, and out-of-plane displacement of frame 1 on
the first storey. The final failure of the specimen occurred by plas-
tic hinges formed at the link-to-beam connections in frame 1 of
the first storey.

2. The yielding pattern of the specimen indicated that the links in the
first storey were subjected to shear and flexural yielding, and the

link moment that developed near the storey beam was greater
than the moment adjacent to the braced members.

3. The cyclic response of the specimen exhibited plastic deformability
and did not generate the pinch phenomenon. The hysteretic curves
of the storey shear versus the storey drift indicated that a larger plas-
tic deformation occurred on the first storey, and minor or no plastic
deformation occurred on the second or third levels.

4. Y-HSS-EBFs possess high elastic stiffness, good deformability, and ex-
cellent energy dissipation capacity. The maximum storey drift ratio
of frame 1 on the first storey was larger than 1/50, and the first storey
dissipated more than 50% of the cyclic energy.

5. After the link-to-beam connection failure, some strength and duc-
tility remained from the beam-column frame fabricated with HSS.
The damaged links in Y-HSS-EBFs can be quickly inspected and
replaced.
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