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Abstract: A pseudo-dynamic testing program was generated on a fabricated composite frame with steel plate shear walls
(SPSW5s) to study its seismic performance. The specimen was a three-storey single-bay frame, which was composed of H-
section steel columns and composite beams, and was assembled by bolted height-adjustable steel beam-to-column connections
(BHA connections). Beam-only-connected SPSWs were selected as lateral load resisting members. The specimen was subjected
to four ground motions of progressively increasing intensity. The results showed that: (1) beam-only-connected SPSWs provided
sufficient lateral load resistance, lateral stiffness, and energy dissipation capacity to the fabricated frame via the tension field
action developed in their infill panels; (2) the fabricated frame, assembled by BHA connections, exhibited substantial redundan-
cy and good ductility; (3) an undesirable failure mode of the fabricated frame, in huge earthquakes, included severe cracking in
composite beams and block shear failure in SPSWs’ connections; (4) the inter-storey shear force distribution determined by

ASCE/SEI 7-10 was verified with experimental data.
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1 Introduction

As all the structural members are manufactured
in workshops and fast assembled by connections on
site, fabricated construction technology can speed up
the whole construction process and improve the
quality of structures. Therefore, various conventional
structural members and connections have been modi-
fied to meet the requirements of the fabricated con-
struction process. Take beam-to-column connections
for instance. Different hybrid-steel concrete connec-
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tions for precast concrete beams using H-steel seg-
ments or thick steel plates were proposed to simplify
the assembling of composite frames (Kulkarni et al.,
2008; Li et al., 2009; Yang et al., 2010). Based on
the hybrid connection concept mentioned above, Liu
et al. (2013) replaced the tensional rebar at the bot-
tom of concrete beams with a steel strip, welded with
beam end steel connectors, to take advantage of both
the high tensile strength of steel and high compres-
sive strength of concrete, and two rows of studs were
welded to the steel strip to provide the bond between
steel and concrete (Fig. 1a). H-steel segments were
used as steel connectors on both ends of the pro-
posed composite beams. Compared with the conven-
tional concrete beam (Fig. 1b), this composite beam
construction not only has a higher stiffness and load-
carrying capacity, but also has a simple connection
with the steel columns. To minimize the negative
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effect of manufacturing deviation on the assembling
of structures, Cao et al. (2015) proposed bolted
height-adjustable steel beam-to-column connections
(BHA connections). As shown in Fig. 2a, a BHA
connection is composed of a T-shaped connector
(Fig. 2b), an L-shaped connector with ellipse-type
blot holes (Fig. 2¢), and several bearing-type high-
strength bolts. BHA connections can adapt to a small
change of the H-shaped steel beam height by adjust-
ing the location of L-shaped connectors.
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Fig. 1 Schematic diagram of composite beams and con-
crete beams

(a) Composite beams with steel connectors; (b) Concrete
beams

For lateral load resisting systems, steel plate
shear walls (SPSWs) have been considered as viable
members, because they can cost-effectively satisfy
the strength, lateral stiffness, and ductility require-
ments of buildings in high seismic zones (Driver et
al., 1998; Lubell et al., 2000; Lin et al., 2010). A
typical SPSW consists of a steel infill panel and its
boundary frame members. Unstiffened infill panels
will buckle under a very small shear force and resist
lateral load via a series of inclined tension strips
which are anchored on boundary members (Thor-
burn et al., 1983). However, the boundary members

and their moment-resisting beam-to-column connec-
tions may fail prematurely owing to the extra inter-
nal force in boundary members induced by the ten-
sion strip actions. This will lead to obvious residual
deformations and costly repair. Xue and Lu (1994)
proposed SPSWs only connected with boundary
beams to reduce the negative effect of tension strips
on columns. Their analytical results showed that the
early failure of columns could be prevented by this
SPSW construction. Guo et al. (2011) investigated
the hysteretic behavior of beam-only-connected
SPSWs via quasi-static experiments, and their results
showed that this kind of SPSWs could exhibit good
ductility and excellent energy dissipation capacity.
As an innovative solution, SPSWs have been com-
bined with post-tensioned beam-to-column connec-
tions to realize the self-centering of the deformed
frames, and the quasi-static test results demonstrated
that the system possessed self-centering capacity and
at the same time could maintain the high initial stiff-
ness, strength, energy dissipation, and ductility pro-
vided by infill panels (Clayton ef al., 2012a; 2012b;
Dowden et al., 2012).

Stiffener
Ellipse-type bolt hole

(c) (d)
Fig. 2 BHA connections
(a) Assembly drawing; (b) T-shaped connector; (c) L-

shaped connector; (d) Beam end with top flange partial
removed

Web

Most existing research focused on the behavior
of the steel frame with conventional SPSWs. For
example, two 8-m tall and 4-m wide, two-storey
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steel plate shear walls, connected with both steel
beams and columns, were tested using pseudo-
dynamic test technology to study the seismic re-
sponse of SPSWs (Qu et al., 2008; Lin et al., 2010).
However, there has been limited research on the
seismic response of the fabricated composite frame
with beam-only-connected SPSWs under real ground
motions. To address this issue, a pseudo-dynamic
experiment program was conducted to test a three-
storey single-bay fabricated frame having H-section
steel columns, composite beams, and BHA connec-
tions. Beam-only-connected SPSWs were used as
lateral load resisting members in the specimen. The
testing program investigated the seismic perfor-
mance of the proposed structural system under four
progressively increasing ground motions. This paper
summarizes the test procedure, experimental obser-
vations, and the structural response of the specimen.

2 Test program
2.1 Specimen design

The prototype of the specimen was an existing
three-storey residential steel frame, including two
beam-only-connected SPSW frames in its transverse
direction (Fig. 3a). The test frame was 9000 mm
high (3000 mm at each storey) and 4000 mm wide,
as measured between boundary frame member cen-
terlines (Fig. 3b). The test was conducted in the
Structural and Earthquake-resistant Testing Center
of the School of Civil Engineering at Harbin Institute
of Technology, China. Based on the capacity of hy-
draulic actuators and the anchor hole arrangement on
the reaction wall and strong floor, the test prototype
frame was scaled with a geometrical scale factor of
1:2, and the scaled storey height and width were
1500 mm and 2000 mm, respectively. The member
sections of the prototype are listed in Table 1. The
scaled P1 and B1 sections in the specimen are also
shown in this table. To study the performance of
precast composite beams in the proposed fabricated
structural system, the steel beams in the specimen
were replaced by the composite beam with steel
connectors as in Fig. 1a, whose section was propor-
tioned from the scaled Bl section based on the
equivalent capacity principle. The details of the de-
signed composite beam are shown in Figs. 4 and 5.

Fishplates were embedded in composite beams to
connect with beam-only-connected SPSWs (Fig. 5a).
According to the Chinese specification for seismic
test of buildings JGJ/T 101-2015 (MOHURD, 2015),
the scaled model should meet the requirement of
dynamical similarity. To verify the dynamical simi-
larity of this test, the natural periods of the prototype
building and the specimen were analyzed using
commercial software SAP2000. The calculated simi-
larity factor for the first natural period was 1.6:1,
which was close to the specification requirement of

\/5:1.
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Fig. 3 Schematic drawing of prototype (unit: mm)
(a) Floor plan; (b) Elevation view of the test SPSW frame

Table 1 Member sections of prototype and specimen
(unit: mm)

Section No. Prototype Specimen
P1 HW200%x200x12x16  HW100x100x6x8
Bl HN160x80x6x10 HN80x40x3x5
B2 HN150x75%5x7 -
B3 HN200x100%5.5%8 -
B4 HN125x60%6x8 -
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BHA connections were implemented in the
specimen to join H-section steel columns and com-
posite beams together in the lab. The capacity design
method was applied to check the strength of BHA
connections, and the details of the designed BHA
connections are illustrated in Fig. 6.

The steel infill panels of beam-only-connected
SPSWs were sized based on the recommendations
provided by Guo et al. (2011):

Et

K0= 3 $ s (1)
1/(L/HY +2(0+v,)-k/(L/H)

V. =[0.23In(L/ H)-0.13In A+1.22]- £,.Lt,  (2)

where K, is the elastic stiffness of beam-only-
connected SPSWs, E; is Young’s modulus of steel,
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Fig. 4 Details of composite beams (unit: mm)
(a) Composite beam; (b) Composite beam section; (c) Steel
connector

t denotes the thickness of infill panels, v; is Poisson’s
ratio of steel, k is the correction coefficient consider-
ing non-uniform shear stress distribution on the
cross-section, L and H are the length and height of
infill panels, respectively, V, is the ultimate load-
carrying capacity of beam-only-connected SPSWs, 4
denotes the height-to-thickness ratio of the infill
panel, and f, denotes the shear yield stress of steel.
The selected infill panel was 2 mm thick for each
storey, and its machining dimensions are shown in
Fig. 7.

2.2 Test setup and measuring instrument
arrangement

The specimen was attached to the strong floor
via the reaction beam (Fig. 8). Pseudo-dynamic

Fig. 5 Processing of composite beams
(a) Steel beam end; (b) Casting of concrete; (c) Fishplate
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loads were applied by the in-plane servo-controlled
hydraulic actuators mounted between the specimen
and the reaction wall. Based on the pushover analy-
sis result of the specimen, one 100-t hydraulic actua-
tor was employed for each storey. To prevent out-of-
plane movement of the specimen, a lateral bracing
system was installed at the top beam (Fig. 8). To ob-
tain the stress distribution in critical regions, strain
gauges were bonded to boundary frame member
ends, BHA connection connectors, and infill panels.
The displacement responses of three storeys were
recorded by the linearly variable displacement trans-
formers (LVDTs) placed on beam ends. The load
applied to each storey was measured by a load cell
mounted between the specimen and a hydraulic ac-
tuator. A dial indicator was placed on the reaction
beam end to monitor the possible slippage of the
specimen.
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Fig. 6 Details of BHA connections (unit: mm)
(a) T-shaped connector; (b) L-shaped connector; (c) As-
sembled BHA connection

2.3 Material properties

The steel and concrete used in the specimen
were Chinese Grade Q235B and C40, respectively.
The average coupon test results of the steel used in
beams, columns, BHA connection connectors, and
infill panels are shown in Table 2, all of which were
sampled and tested according to the Chinese Stand-
ard GB/T 2975-1998 (MOHURD, 1999) and GB/T
228.1-2010 (MOHURD, 2011). The tested compres-
sive strength and elastic modulus of the concrete
in composite beams were 44.5 MPa and 28 GPa,
respectively.

2.4 Loading protocol

To study the performance of the proposed struc-
tural system in different seismic intensities, the spec-
imen was first tested under three sets of pseudo-
dynamic loads which were obtained based on the EL
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Fig. 7 Infill panel of beam-only-connected steel plate
shear walls (unit: mm)
(a) Details of infill panels; (b) Infill panel prior to installation
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Centro earthquake record (1940). According to the
Chinese seismic design code GB50011-2010 (MO-
HURD, 2010), the earthquake record was scaled
with the peak ground acceleration (PGA), having a
2% probability of exceedance in 50 years, in three
top aseismic design intensities. For the purpose of
discussion, the three intensity cases are denoted as
C1, C2, and C3. On the other hand, based on the ge-
ometric scale factor mentioned previously, the calcu-

lated time scale factor was /2 :1 (JGJ/T 101-2015)
(MOHURD, 2015), by which the interval of the
ground motion record was reduced from 0.005 s to
0.0035 s. As the PGA of the ground motion was
reached in the first four seconds, only the initial 4.2 s
of the scaled ground motion record was applied in
the first three loading cases to save time. The PGA
and duration of the first three loading cases are
shown in Table 3. To investigate the behavior of the
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specimen in huge earthquakes, 10.5 s of the EL Cen-
tro earthquake record (1940), whose PGA was scaled
up to 0.9¢, was applied after the first three loading
cases (denoted as C4). Both the original and the con-
tinued scaled ground acceleration records are shown
in Fig. 9.

3 Experimental results and discussion
3.1 Experimental observations

During the C1 loading case, the specimen stayed
in the elastic stage and no obvious phenomenon was
observed (Fig. 10a). The beam-only-connected
SPSW at the first storey buckled with a loud noise in
the C2 loading case, and a slight out-of-plane defor-
mation of the infill panel was detected at the same
time (Fig. 10b). In the C3 loading case, all the

(b)

Fig. 8 Test setup (unit: mm)
(a) Schematic of test setup; (b) Specimen prior to test

Table 2 Average coupon test results of steel

Designed thick- Actual thickness  Yielding strength ~ Ultimate strength ~ Elastic modulus Poisson’s ratio
ness (mm) (mm) (MPa) (MPa) (GPa)
2 1.90 200 315 170 0.30
4 3.86 231 310 223 0.29
6 5.89 215 311 203 0.29
8 7.88 229 321 213 0.31
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SPSWs were significantly buckled, and an obvious
diagonal tensional field was found in the bottom in-
fill panel (Fig. 10c). Therefore, the lateral loads be-
gan to be resisted by the tension field action of infill
panels. The concrete on the first storey composite
beam ends was also cracked (Fig. 10d), which meant
that plastic hinges were first formed on composite
beam ends, instead of on steel column ends. This
was in accordance with the design assumption rec-
ommended by ANSI/AISC 341-10 (AISC, 2010).
When the specimen was loaded in the C4 load-
ing case, crossed diagonal tensional strips were de-
veloped more obviously in each infill panel

Table 3 Peak ground acceleration (PGA) and duration
of the four loading cases

Case PGA Duration (s)| Case PGA Duration (s)
Cl 0.22g 4.2 C3  0.62¢g 4.2
C2 04g 4.2 C4  09¢g 10.5

g is the acceleration due to gravity

Acceleration (xg)

Acceleration (xg)

081 1 C2 C3 Cc4

-1.0 T T T T T T
0 5 10 15 20 25 30 35 40

Time (s)

Fig. 9 Ground acceleration record of the EL Centro
earthquake (1940)
(a) Original ground acceleration; (b) Continued scaled
ground acceleration

(Figs. 11a—11c). The connections between infill pan-
els and fishplates failed due to the block shear of bolt
connections (Fig. 11d), most of which occurred in
low-rising storeys. Due to the additional tension
force induced by the diagonal tension actions in infill
panels and the insufficient transverse shear-resisting
capacity in composite beams, horizontal cracks were
observed on each beam end and progressed toward
to the middle of composite beams (Fig. 11e). It was
an undesirable failure mode and indicated that com-
posite beams should be well designed with more
transverse load-resisting capacity to anchor the diag-
onal tensional strips of infill panels. BHA connec-
tions stayed in the elastic stage and worked as rigid
connections during the four loading cases. No signif-
icant slippage of connectors was observed (Fig. 11f).

3.2 Displacement response

The displacement response and the maximum
inter-storey drift distribution of the specimen at floor

Fig. 10 Experimental observations during the first three
loading cases

(a) Specimen in the elastic stage (C1); (b) Infill panel buck-
ling (C2); (c) Infill panel buckling (C3); (d) Cracks at com-
posite beam ends (C3)
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levels are shown in Figs. 12 and 13, respectively.
During the four loading cases, all the storeys in the
specimen had a similar displacement waveform, and
their inter-storey drift amplitudes decreased from
bottom to top (Fig. 12), which indicated that the pro-
posed fabricated composite frame could act in a
shear-dominated low-order mode of vibration in
earthquakes. As shown in Fig. 13, the peak storey
drift ratio of the specimen in the first three loading
cases ranged from 0.17% to 0.91%, and the largest
drift was always found in the first storey. For the
huge earthquake case (the C4 loading case), the max-
imum storey drift ratio reached 1.85% in the first
storey (Fig. 13), and the maximum roof displace-
ment in this case was 46.01 mm corresponding to a
global drift ratio (roof displacement divided by
building height) of 1.02% (Fig. 12d). All the inter-
storey drifts in the four loading cases were less than
2%, which could meet the stiffness requirement of
the Chinese design specification for SPSWs (JGJ/T
380-2015) (MOHURD, 2016). It can be seen from
Fig. 13 that the change of inter-storey drifts along
the three storeys of the specimen remained linear in

Fig. 11 Experimental observations in the C4 loading case
(a) First-storey infill panel buckling; (b) Second-storey in-
fill panel buckling; (c) Third-storey infill panel buckling;
(d) Block shear failure of bolt connections; (e) Horizontal
cracks in composite beams; (f) BHA connections
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Fig. 12 Storey displacement time history responses
(a) CI1 loading case; (b) C2 loading case; (c) C3 loading
case; (d) C4 loading case
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Fig. 13 Maximum inter-storey drift at floor levels

the C1 loading level, while the inter-storey drift of
the first storey increased faster than others in subse-
quent loading levels and the drift distribution be-
came nonlinear. It meant that the first storey was the
soft-storey for the prototype building and needed to
be strengthened with a thicker infill panel.

3.3 Hysteretic properties

Fig. 14 depicts the relationship between the inter-
storey drift and the storey shear of the specimen in
the four loading levels. For illustration purposes,
only the initial 4.2 s of hysteretic response in the C4
loading case is shown in Fig. 14, and the complete
hysteretic curves in the C4 loading case are provided
at each storey in Fig. 15. The test results confirmed
that the specimen experienced nonlinear responses
during the four loading cases, and it appeared that
the nonlinear responses were more significant with
the increase of PGA. In addition, the nonlinear re-
sponses in the first storey were more obvious than
those in other storeys, which was in accordance with
the inter-storey drift responses mentioned above and
demonstrated once more that the first storey was the
critical storey of the specimen. Although the hyster-
etic curves of the specimen were pinched due to the
early buckling of SPSWs, the specimen exhibited
stable force-displacement behaviors during the
whole test process.

As shown in Fig. 15, the first storey of the spec-
imen could undergo plastic rotation of 0.0185 rad in
the C4 loading case, which was close to the minimum
rotation requirement for the highly ductile members
(0.02 rad) in ANSI/AISC 341-10 (AISC, 2010). In
addition, it is worth noting that no significant
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Fig. 14 Hysteretic curves at each floor
(a) First storey; (b) Second storey; (c¢) Third storey

strength degradation was detected during the whole
loading process (Fig. 15), and the actual ultimate
plastic rotation of the specimen should be larger than
the aforementioned value (0.0185 rad). Therefore, it
can be concluded that the specimen possessed good
ductility during the test.

3.4 Energy dissipation

Figs. 16 and 17 present the accumulated dissi-
pated energy of the specimen in the four loading
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case
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cases. As most structural members stayed in the elas-
tic stage during the C1 loading case, the energy dis-
sipation in this case was negligible. With the yield-
ing of diagonal tension strips developed in beam-
only-connected SPSWs and the cracking of compo-
site beam ends, the energy dissipation gradually be-
came pronounced in subsequent loading cases. As
shown in Fig. 17, the energy dissipated in the first
storey was larger than those in other storeys, because
more storey shear force and inter-storey drift were
induced in this storey.

3.5 Inter-storey shear force distribution

According to ASCE/SEI 7-10 (ASCE, 2010),
the lateral seismic force induced at any storey can be
determined using the vertical distribution factor Ciy,
which is calculated by

k
Wx hx

=
k
2wk
i=1

o

VX

)

where w; (or w,) is the portion of the total effective
seismic weight of the specimen located or assigned
to level i (or x), &; (or Ay) is the height from the base
to level i (or x), and & is an exponent related to the
structure period and is taken as 1.05 in this study.
The C,, calculated for the specimen is shown in
Fig. 18. The inter-storey shear force distribution
along the three storeys of the specimen, determined
based on C,, and experimental data, is shown in
Fig. 19. It proved that the vertical distribution deter-
mining method of seismic force, recommended by

—~ 35

3 c1 b

z — i

¥: 3.0 A —— c2 H

S - c3 ;

o 2.5 11

2 - C4 NE

[} N

B 20 o=t

© em?

o W ! N

8 154 v

S i

8 101 i

G N

=] [ .

E 05 N e

g (@) T ~rt

< 00 e - -
0 1 2 3 4

Time (s)

= 1.2

: — Ct

£ 4o] - c2 MM

§ - C3 !'.‘Il A

2 ogf{ T ¢ i

A\

2 S, AR

8 0.6 TSN

‘® il

£ E

- 0.4+ i

[0 .

L i :

E 021 .

g O AR

< 00 it pases
0 1 2 3 4

Time (s)

_. 05

€

g & !

x | P — ". !'. K

§ 0.4 . 3 r| (IR

2 —o- c4 i

5 0.3

O

T

o

& 02-

©

el

ko)

é 0.1

3 (c) NP,

Q

< 00 ;
0 4

Fig. 16 Accumulated dissipated energy at each floor

Time (s)

(a) First storey; (b) Second storey; (c¢) Third storey

463

ASCE/SEI 7-10 (ASCE, 2010), could properly pre-
dict the inter-storey shear force at each storey.

4 Conclusions

A scaled three-storey single-bay fabricated
composite frame with steel plate shear walls was
designed and tested under pseudo-dynamic loads to
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Fig. 17 Accumulated dissipated energy at each floor in
the C4 loading case
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Fig. 18 Vertical distribution factor of seismic force rec-
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Fig. 19 Maximum inter-storey shear force at each floor

experimentally investigate the seismic performance
of the proposed structural system.

The test results showed that beam-only-
connected SPSWs buckled at a relatively small inter-
storey drift, and post-buckling tension fields were
formed to resist lateral loads. With the increase of
PGA, diagonal tension fields were further developed
and yielded to dissipate earthquake energy. As steel
infill panels were connected with only composite
beams, no additional tension forces were induced in
steel columns, and plastic hinges were initially
formed at composite beam ends.

No damage or obvious connector slippage was
observed in BHA connections, which was in accord-
ance with the strong connection design principle.
The stable force-displacement behavior of the spec-
imen showed that the fabricated composite frame,
assembled by BHA connections, exhibited substan-
tial redundancy.

An undesirable failure mode of the fabricated
composite frame in huge earthquakes was the hori-
zontal cracks progressed in composite beams and the
block shear failure in SPSWs’ connections. Owing to
the sufficient lateral stiffness provided by beam-
only-connected SPSWs, the deformation of the spec-
imen could meet the Chinese seismic design specifi-
cation requirements. The first storey was the critical
position of the prototype building and needed to be
well designed to avoid the formation of soft-storeys.
The proposed structural system exhibited good energy-
dissipating capacity without significant strength and
stiffness degradation. The seismic force distribution
recommended by ASCE/SEI 7-10 (ASCE, 2010)
was validated with experimental data.
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