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Abstract. For Special Concentrically Braced Frame (SCBF), it is common that the damage concentrates at a certain story
instead of spreading over all stories. Once the damage occurs, the soft-story mechanism is likely to take place and possibly to
result in the failure of the whole system with more damage accumulation. In this study, we use a strongback column which is an
additional structural component extending along the height of the building, to redistribute the excessive deformation of SCBF
and activate more structural members to dissipate energy and thus avoid damage concentration and improve the seismic
performance of SCBF. We tested one-third-scaled, three-story, double-story X SCBF specimens with static cyclic loading
procedure. Three specimens, namely S73, S42 and SO, which represent different combinations of stiffness and strength factors o
and g for the strongback columns, were designed based on results of numerical simulations. Specimens S73 and S42 were the
specimens with the strongback columns, and SO is the specimen without the strongback column. Test results show that the
deformation distribution of Specimen S73 is more uniform and more brace members in three stories perform nonlinearly.
Comparing Drift Concentration Factor (DCF), we can observe 29% and 11% improvement in Specimen S73 and S42,
respectively. This improvement increases the nonlinear demand of the third-story braces and reduces that of the first-story braces
where the demand used to be excessive, and, therefore, postpones the rupture of the first-story braces and enhances the ductility
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and energy dissipation capacity of the whole SCBF system.
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1. Introduction

Special concentrically braced frame (SCBF) system is
one of the most common structural systems worldwide
because of its efficiency to provide lateral strength and
stiffness to the structures. Steel braces are also commonly
used for retrofitting (Glneyisi and Azez 2016, Tehranizadeh
et al. 2016) or working together (Eskandari et al. 2017)
with other structural systems. However, under large
earthquake excitations, the braces suffer from buckling and
rupture, which usually result in a significant reduction of
the strength and stiffness at a certain story. Therefore, the
soft-story mechanism is likely to occur in SCBF structures
(as shown in Fig. 1) and causes permanent damage or
collapse of the structures (Uriz and Mahin 2008, Chen and
Mahin 2012). Previous research efforts (Tremblay 2003,
Tremblay and Merzouq 2004, Simpson and Mahin 2018,
Pollino et al. 2017, Qu et al. 2014, Qu et al. 2015, Qu et al.
2016) used relative elastic truss structures incorporating
with SCBF or buckling restrained braced frame (BRBF) to
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create uniformly deformed structures. Related tests were
conducted by Slovenec et al. (2017). They tested two 3-
story specimens representing a non-seismic detailed CBF
with a 3-story stiff rocking core (SRC) and a 6-story SCBF
with 2-story SRC. Hybrid simulation was used to
investigate the fundamental behavior of the SRC
rehabilitation technique and to explore its practical design
challenges. A similar method was proposed by using stiff
members, i.e., strongbacks, to improve the tendency to form
the unfavorable soft-story mechanism. The behavior of
hybrid strongback system which applied to a zipper-frame
configuration (Khatib et al. 1988, Sabelli 2001, Tirca and
Tremblay 2004) was investigated numerically (Lai and
Mahin 2013). Such an idea of keeping half bay to remain
elastic and work as an elastic frame or a strongback has
been applied to real practice (Mar 2010). Similar to the idea
of strongback, other research (MacRae et al. 2004)
considered the contributions of gravity columns to lateral
force resistance and concluded that the gravity columns
were able to reduce the deformation concentration. Further
study (Ji et al. 2009) quantitatively investigated the effects
of continuous gravity columns on braced frame structures
and concluded that a sufficient number of gravity columns
reduced the deformation concentration effectively. More
recently, a successful application of strongback concept
employed post-tensioned rocking walls, which played the
role of strongback, with shear dampers to improve the
energy dissipation mechanism of a moment resisting frame
building (Wada et al. 2011, Qu et al. 2012).
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Strongback
Conventional SCBF with
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Fig. 1 The improvement of soft-story mechanism in SCBF
by utilizing the strongback

The design parameters of the strongback system are still
under development. More experimental and analytical
investigations are required. The objectives of this study are
to validate the effectiveness of the strongback, to identify
possible failure modes of the strongback system through
experiments, and to quantify the design parameters of
strongback system for its application to SCBF structures.
We investigate how the strength and stiffness of the
strongback system affect the global behavior of SCBF
frame in this study. There is no specific form of the
strongback. To simplify the structural behavior, we used a
column to represent the strongback components in the
current study. Through experiments, we looked into the
effects of the strongback column on the failure modes, drift
ratio, energy dissipation, and drift concentration factor
(DCF) which was defined as DRmax/DRavg (maximum
drift ratio/ roof drift ratio) (MacRae et al. 2004).

2. Design of specimens

The design of the specimens was based on the previous
numerical study (Chen et al. 2016) where a series of
nonlinear dynamic and static analyses were conducted to
investigate the effects of the strongback column on the
system behavior of SCBF.

2.1 Design parameters (stiffness factor, strength
factor)

The strongback column should be designed based on
certain criteria of structural design. Stiffness and strength
are the two most important parameters for structural design.
Therefore, we choose stiffness and strength as the design
parameters to design the strongback column. This study
uses stiffness factor («) and strength factor () to represent
the relationship between the strongback column and
concentrically braced frame.

We define o as the ratio of the lateral stiffness of the
strongback column to the horizontal stiffness contributed
from braces at the first story, and is expressed in Eq. (1).
We define f as the ratio of the lateral strength of the
strongback column to the horizontal strength contributed
from braces at the first story, and is expressed in Eq. (2).

_ (El/h3)strongback

o = —strongback )

Kh,brace

Mpg/h

B= (RyPy+0.3Pr) cos @ 2
where E is Young’s modulus of steel, | is the moment of
inertia of the strongback column, h is the story height,
Khorace 1S the horizontal stiffness contributed from only
braces in a story, Mps is the moment capacity of the
strongback column, R, is overstrength factor of steel (AISC
2010), P, is the yielding strength of a brace, P is the
compression strength of a brace and ¢ is the incline angle of
the brace with respect to horizon in the frame. The
calculation of Ky, prace 1S based on the summation of the axial
stiffness of the braces; providing a simple and accurate
estimation, it is appropriate to form a basis to define
stiffness factor. The denominator of strength factor is based
on the horizontal components of the braces in the chevron
configuration. It accounts for the limit condition that one
brace is in tension and the other is in compression after the
brace severely buckles. The tension brace develops the
tension strength up to R,P, while the compression brace
sustains the capacity of 0.3P,. To make the strength factor
dimensionless, we use a term of force in the numerator. A
special case of a factor and S factor is taking the sizes of a
column in the frame as those of the strongback column; the
corresponding « factor is 0.0024 and g is 0.027.

2.2 Numerical simulations for specimen design

OpenSEEs was employed to simulate the nonlinear
behavior of the three-story SCBF. The structures were
simulated with a two-dimensional plane frame and a leaning
column, and some were simulated with an additional
continuous strongback column. In the numerical models,
the columns of the frame were assumed to be continuous
with the same section and fixed to the base. The beam-to-
column connections were assumed to be rigid. The sectional
properties of the strongback columns were the parameters to
be investigated in this study.

The material model for all steel components was
Menegotto-Pinto model with isotropic strain hardening
(Steel02 in OpenSees). The material properties were based
on previous experimental study (Uriz and Mahin 2008). To
simulate the rupture behavior we adopted the rainflow cycle
counting algorithm to account for the effects of low-cycle
fatigue. Fiber sections were utilized for all structural
components including the strongback column and gusset
plates. The beams, columns and braces were modeled by
using forced-based nonlinear beam-column elements.
Rayleigh damping was used in the analyses with 4%
damping ratio at the first-mode period (T;) and 0.2T;. The
numerical models have been calibrated with previous
experiments (Uriz and Mahin 2008) and successfully
applied in another study (Chen et al. 2016).

Previous numerical study (Chen et al. 2016) concluded
that the appropriate strongback should have sufficient
strength and stiffness. However, excessive strength and
stiffness do not lead to the results of reducing more DCF.
Numerical simulations with OpenSees (1997) were
conducted to identify better stiffness factors and strength
factors for design. The model structure was a three-story
SCBF building with an additional column representing the
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Fig. 2 Maximum drift ratio of three-story SCBF with various strongbacks under ground motion record LA26 (MCE-level) (a)

the 1% story (b) the 2" story (c) the 3 story

strongback system. The original SCBF building was
designed to conform to the requirements in ASCE/SEI 7-05.

Nonlinear dynamic analyses were conducted to
investigate the performance of 3-story SCBF with different
strength and stiffness of the strongback columns. Sixty
ground motions (Somerville 1997) representing service-
level earthquakes (50% probability of exceedance in 50
years, LA41 to LAG60), design-level earthquakes (10%
probability of exceedance in 50 years, LAO1 to LA20), and
MCE-level earthquakes (2% probability of exceedance in
50 years, LA21 to LA40) were applied to the buildings. The
structural responses under only MCE-level earthquakes
were used to design the strongback column of the test
specimens.

2.2.1 Maximum drift ratio.

According to the results of numerical simulations, the
strongback columns are most efficient to improve drift
concentration under MCE-level earthquakes. Fig. 2 shows
the maximum drift ratios at each story of three-story SCBF
with various combinations of (a, ). The trend shows that
increasing both a and S reduces the maximum drift ratio in
the first story and redistribute the nonlinear behavior to the
second and third story. For the 1* story, the maximum drift
ratio reduces up to 25%; for the 2" story, the maximum
drift ratio increases about 10%; for the 3" story, the
maximum drift ratio increases about 300%. The results
demonstrate that the strongback columns are effective to
change the mechanism of SCBF and result in a more
uniformly distributed deformation along the height of the
building. As such, more structural elements in more stories
will participate in dissipating input energy from
earthquakes. Two of the combinations of (o, B) will be
chosen for the test specimens.

2.2.2 Drift concentration factor

Fig. 3 shows the median DCF of an earthquake suite
(MCE-level) corresponding to various combinations of («,
p). It shows that a strongback column with low stiffness
(e.g., @=0.0024) does not reduce DCF significantly even if
the strength of the strongback column is high. The
strongback column is more effective when its stiffness is
sufficient. On the contrary, excessive stiffness and strength
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Fig. 3 DCFs of 3-story SCBF subjected to dynamic and
static loadings

of the strongback column (e.g., ¢>0.0096, and £>0.081)
cannot reduce DCF even more. Therefore, the results of
analyses offer us a reference to design a strongback column
with sufficient stiffness and strength without overly design
it. From the case study of the numerical simulations, we
will design the specimens with « in the range of
0.0096<0<0.0168 and £ in the range of 0.081<$<0.134. The
static nonlinear analysis (Fig. 3) also gives a similar trend,
although the DCF values are different. This is due to the
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Table 1 Member sizes of model building and 1/3 scaled specimen

Member Model Building (DASSE 2007) 1/3 Scaled Specimen Scaled Factor  Scale ratio(=3.0)
W14x176 RH150x150x7x10
I, = 89073 cm* I, = 1620 cm* 54.98 2.723
Column 4 4
l, = 34880 cm l, =563 cm 61.95 2.806
A=334.2cm? A=39.6cm? 8.44 2.905
W27x84 RH198x99x4.,5x7
F I, = 118625 cm* I, = 1540 cm? 77.03 2.963
I, = 4412 cm* l, =113 cm? 39.04 2.500
A =160 cm? A=227cm? 7.05 2.655
W30x116 RH198x150x6x9
Beam oF I, = 205202 cm* I, = 2630 cm* 78.02 2.972
l, = 6826.2 cm* I, =507 cm* 13.46 1.915
A =220.6 cm? A=299cm? 7.38 2.717
W36x210 RH300x150x6.5x9
3F I, = 549425 cm* I,=7210 cm® 76.20 2.955
l, = 17107 cm* l, =507 cm* 33.74 2.410
A =2398.7 cm? A =468 cm? 8.52 2.919
HSS12.5x0.5 0101.6x4
F I, = 13277 cm* I, =146 cm* 90.94 3.088
A =113.55 cm? A=123cm? 9.23 3.038
D/t =25 D/t =25.4 0.98 -
HSS11.25%0.5 089.1x4
Brace oF I, =9531.7 cm* I,=97 cm* 98.26 3.148
A=101.94 cm? A=10.7 cm? 9.53 3.087
D/t=225 D/t=223 1.00 -
HSS10x0.375 076.3x3.2
3F I, =5119.64 cm® I,=49.2cm* 104.06 3.193
A =68.39 cm? A=7.35cm? 9.30 3.050
D/t=26.7 D/t=23.8 1.12 -
Table 2 Stress properties of materials
fact tha_t the DCFs of the pL_jshover z_analygis are calculated Structural Parts Fy(MPa) Fu(MPa)
for the instant when the maximum drift ratio equals 3% rad. Gusset 385 515
which is about the occurrence of the brace rupture and Column(RH150% 150x7x10) 453 572
usually results in more obvious drift concentration. 1F-Beam (RH198x99x4.5x7) 387 492
2F-Beam(RH194x150x6x9) 442 500
2.3 Specimens (prototype frame and scaled 3F-Beam(RH300x150%6.5x9) 423 508
specimens) Brace 337 366
_ _ . _ Strongback RH346x174x6x9 (for S73) 506 603
The SCBF specimens with the configuration of double- RH298x149x5.5x8 (for S42) 379 508

story X were scaled from a three-story model building
designed by engineers in practice (DASSE 2007). The sizes
of beam, column, and braces for the specimens were scaled
with a scale ratio approximately equaled 3.0. The
corresponding scale factor for cross-sectional area and
moment of inertia were 9.0 and 81.0 respectively. The
member sizes of model building and scaled specimen are
listed in Table 1.

The effects of the composite slab were not investigated
in this study, so the specimens did not include concrete
slabs. Three specimens shared the same steel braced frame;
the only difference between the specimens was the
strongback columns. One of the specimens was
conventional SCBF (Specimen S0), and the other specimens
are the SCBF with strongback columns. The selection of
strongback columns was determined based on the results of
numerical simulations. Because the results of DCF (Fig. 3)

show that («=0.0168, $=0.081) is the most suitable
combination considering both effectiveness and cost, we
use such combination for Specimen S73 where 7 denotes
that the flexural stiffness of the strongback column is 7
times that of the column in the frame, and 3 denotes that the
flexural strength of the strongback column is 3 times that of
the column in the frame. The other specimen (S42) was
expected to show moderate effects on reducing DCF; the
corresponding (a, f) are («¢=0.0096, =0.054). The resulting
size of the strongback column was RH346x174x6x9 for
Specimen S73 and RH298x149x5.5x8 for Specimen S42.
The whole specimens were composed of steels with the
material properties shown in Table 2. The materials were
STKR400 for the braces and SN490B for beams, columns,
gussets and the rest parts of the specimens.
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Fig. 5 Loading sequence (Chen and Hu 2016)

3. Test program

Fig. 4 shows the test setup of the specimens. Continuous
lateral supports were provided on the floor levels between
the locations of the lateral-support columns. Another set of
lateral support was provided for the strongback column to
ensure the effects of strongback. The strongback column
connected to the SCBF through simple links with pin ends
on each floor. Also, the base of the strongback column was
designed as a pin. As such, the strongback column did not
provide lateral stiffness to the original SCBF when the
deformation along the height is uniform; with such design,
strongback column did not change the structural period
significantly but provided corrective lateral forces at the
onset of soft-story response.

Two actuators were used to apply lateral force and
displacement to the specimens. We used the displacement-
control method to give a specified loading sequence to the
actuator on the top. Fig. 5 shows the loading sequence
(Chen and Hu 2016) in this study varying from drift ratio =
0.1% rad. to 4% rad. The actuator on the bottom was force-
controlled to follow the force of the top actuator, i.e. the
forces of the top and bottom actuators were identical for
each loading step. The force of the bottom actuator applied
to the specimens through a transferring beam where the
actuator was attached at 1/3 length from the top and the
location of the pin supports was at the floor level of the 1%
and the 2™ story. Therefore, the forces applied to the floor
levels of three stories were in the proportion of 3:2:1, which
is similar to the first mode shape of the three-story SCBF
with equal mass and regular geometry in each story.

Fig. 6 Damage of the brace in the 1¥ story in Specimen S73

4. Test results
4.1 Experimental observations

The tests are conducted in the Structural Lab of National
Chiao Tung University in Taiwan. Both qualitative and
quantitative data were recorded during tests. Specimen S73
was tested first followed by Specimen S42 and SO to
minimize the accumulation of damage to the beams,
columns, and connections of the braced frame. Before
replacing the damaged braces and proceeding to the next
test, we reduced the roof residual displacement to less than
4 mm to minimize the geometric differences between
specimens. Table 3 to Table 5 summarized some of the
important events during the tests. Generally, the overall
buckling of the braces in the 1% story took place at the roof
drift ratio of 0.5% rad. for all the three specimens. The
maximum base shears of all specimens were similar (about
600 kN). This demonstrated that the strongback column had
only little effects on the maximum base shear.

For Specimen S73, the overall buckling of the braces in
both the 2" and 3" story took place at the roof drift
ratio=0.75% rad. In other words, all the three stories in
Specimen S73 underwent nonlinear behavior after roof drift
ratio=0.75% rad. Also, local buckling occurred after roof
drift ratio=0.75% rad. Although severe crack of the brace in
the 1% story was observed at roof drift ratio=2% rad. (Fig. 6
(a)), it ruptured at the roof drift ratio=3% rad (Fig. 6(b)).

For Specimen S42, the overall buckling of the braces in
the 2" story took place at the roof drift ratio=0.75% rad.
and those in the 3" story took place at the roof drift
ratio=1% rad. The weaker and softer strongback column
delayed the nonlinear behavior of the braces in the 3" story.
This implies that the material use is less efficient and the
dissipated energy of the system is much less than its
capacity. More important, this implies more drift
concentration in the 1% and 2" story. At the end of the test,
the brace in the 1% story ruptured at the roof drift ratio=2%
rad.

For Specimen SO, the overall buckling of the braces in
the 2" story took place at the roof drift ratio=0.75% rad.
and those in the 3" story took place at the roof drift
ratio=1.5% rad. In the end of the test, the brace in the 1
story ruptured at the roof drift ratio=2% rad. The braces in
the 3" story did not participate in dissipating energy very
much before the test stopped. This specimen showed typical
weak-story mechanism of double-story X braced frame.
Most of the deformation concentrates in the 1% and 2™
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Table 3 Critical events observed during the test of Specimen S73

Roof drift Ratio (rad.) Critical Events
0.3% * Flake of paint in the gusset near the beam-column connection in the 2™ story.
0.5% * Overall buckling of both braces in the 1% story.
0.75% * Local buckling of the northern brace close to the column base in the 1% story.
' * Overall buckling of braces in the 2™ and 3" story.
1% * Local buckling in the mid-length of both braces in the 1st story.
* Local buckling of the southern brace close to the column base in the 1st story.
* Surface crack in the mid-length of the southern brace in the 1% story.
1.5% * Local buckling in the mid-length of both braces in the 2™ story.
' * Local buckling of both braces close to the beam-column connections in the 2™ story.
* |ocal buckling of the southern brace close to the lower beam in the 2™ story.
* Large crack in the mid-length of both braces in the 1% story.
206 * Surface crack of the northern brace close to the column base in the 1% story.
* |ocal buckling in the mid-length of both braces in the 3" story.
* |_ocal buckling of both braces close to the beam-column connections in the 3™ story.
* Rupture in the mid-length of both braces in the 1% story.
* Local buckling of southern column flange in the 1% story
3% * Large crack in the mid-length of the northern brace in the 2" story.

* Surface crack of both braces close to the beam-column connections in the 2™ story.

* Flake of paint in beam webs and flanges in the beam-column connections in the 1% story.

Table 4 Critical events observed during the test of Specimen S42

Roof drift Ratio (rad.) Critical Events
0.5% * Flake of paint in southern column flange in the beam-column connection in the 1% story.
' * Overall buckling of both braces in the 1% story.
* Local buckling in the mid-length of both braces in the 1% story.
0.75% * Local buckling of both braces close to the column base in the 1% story.
' * Qverall buckling of braces in the 2" story.
* Flake of paint in the flange of strongback column in the 3" story.
1% * Overall buckling of braces in the 3" story.
* Surface crack in the mid-length of both braces in the 1% story.
1.5% * Surface crack of the northern brace close to the column base in the 1% story.
' * Local buckling in the mid-length of both braces in the 2™ story.
* |_ocal buckling of the southern brace close to the lower beam in the 2™ story.
2% * Rupture in the mid-length of both braces in the 1% story.

Table 5 Critical events observed during the test of Specimen SO

Roof drift Ratio (rad.) Critical Events
0.5% * Overall buckling of both braces in the 1% story.
0.75% * Local bucklin_g in the mid-l_ength of the southern brace in the 1% story.
' * Qverall buckling of braces in the 2" story.
1% * Local buckling in the mid-length of the northern brace in the 1% story.
* Flake of paint in the column flange in the beam-column connection in the 1% story.
* Surface crack in the mid-length of both braces in the 1% story.
* Surface crack of the northern brace close to the column base in the 1% story.
1.5% * Local buckling in the mid-length of the southern brace in the 2™ story.
* Local buckling of both braces close to the beam-column connections in the 2™ story.
* Qverall buckling of the northern brace in the 3" story.
* Rupture in the mid-length of both braces in the 1% story.
2% * Local buckling in the mid-length of the northern brace in the 2™ story.

* Overall buckling of the southern brace in the 3" story.

story, and, therefore, the force and deformation demands in
the braces of the 1% and 2" story are greater than those of
the specimens with the strongback column.

The critical events discussed previously are based on
roof drift ratios; the corresponding drift ratios of brace
buckling are compared in Table 6. Noted that the overall
buckling is affected more by slenderness ratio of braces,
and local buckling is affected more by compactness ratio of

the brace sections. The overall buckling occurred at drift
ratios ranging from 0.56% to 0.73% rad. and the local
buckling occurred at drift ratios ranging from 0.89% to
1.11% rad. for the braces in the 1% story and 1.64% to
1.68% rad. for the braces in the 2™ and the 3" story.

4.2 Quantitative investigation



Cyclic testing of scaled three-story special concentrically braced frame with strongback column

Table 6 The drift ratios where the braces buckled
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Specimen Roof DR Corresponding Roof DR Corresponding  Roof % o
(rad) Story (rad) Story DR &
Drift (rad) Drift (rad) (rad) 2 3
1IF  +0.5% +0.56% +0.75% +0.89% “ 400 -
S73  2F +0.75% +0.73% +1.5% +1.64 % 3%
3F  +0.75% +0.64% +2% +1.67% PR - L
1IF  +0.5% +0.63% +075%  +111% 4 2 02 44 2 0 2
S42 2F  +0.75% +0.66% +1.5% +1.65% 204 Roof Drift (% rad.) Roof Drift (% rad.)
3F +1% +0.58% N.A. N.A. [
1IF  +0.5% +0.62% +0.75% +1.07% |80
SO 2F +0.75 +0.58% -1.5% -1.68% 2%
3F  -15% -0.71% N.A. N.A. r
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4.2.1 Hysteretic behavior

Fig. 7 shows the relationship between the base shear and
the roof drift ratio. For Specimen S73, the maximum base
shear is 622 kN and maximum roof drift is 162.5 mm
(DR=3%); for Specimen S42, the maximum base shear is
596 kN and maximum roof drift is 108.3mm (DR=2%); for
Specimen S0, the maximum base shear is 603kN and
maximum roof drift is 108.3 mm (DR=2%). The maximum
base shear of the specimens was not affected by the
presence of the strongback column because the strongback
column only provided the capacity to redistribute the forces
due to non-uniform deformation along the height of the
building. The maximum roof drift of Specimen S73
increased because the deformation of the 3™ story
increased, significantly. The nonlinear behavior began once
the braces in the 1* story buckled. Near the end of the tests,
the base shear dropped suddenly when the crack or rupture
of the braces occurred. It usually initiated in the last cycle

P PR

-4 -2 0 2 4
Roof Drift (% rad.)
Fig. 7 The relationship between the base shear and the roof

drift ratio of all specimens

of the tests. Fig. 8 shows the relationship between the story
shear and the story drift. It is convenient to compare the
dissipated energy of each story visually. The dissipated
energy in all the three stories of Specimen S73 is greater
than that of other specimens. The nonlinear behavior was
developed in the 3 story of Specimen S42 and S73 and
contributed to the total energy dissipation of the system.
Moreover, the rupture of the brace in the 1% story delayed in
Specimen S73, so the total cumulative energy is the greatest
among the specimens. The brace rupture in the 1st story

573-3F Story

'
=
=

=

1542-3F Story

| 'S0-3F Story

Story Shear (kN)

-400

400

Story Shear (kN)
=

-400

400

Story Shear (kN)
=

-4 -2 0 2 44 2
Story Drifit (% rad.)

Story Drift (% rad.)

0 2 4-4

Story Drift (% rad.)
Fig. 8 The relationship between the story shear and the story drift ratio of all specimens
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Fig. 9 Maximum story drifts of all specimens
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Fig. 10 Drift concentration factors under different roof drift
ratios of all specimens

delayed because the deformation demand in the 1st story
was reduced; at the same roof drift ratio, Specimen S73
showed less drift ratio in the 1st story than the other
specimens. The strongback column took effect to
redistribute the deformation along the whole building and
hence to reduce the drift ratio in the 1st story and delayed
the rupture of the braces. The maximum story drifts of all
specimens are compared in Fig. 9. For all the specimens,
the maximum drift ratios in the 1% story are all greater than
3.0% rad. (3.73% for S73, 3.10% for S42, and 3.49% for
S0). The major differences between specimens are the
hysteretic behaviors of the 2" and 3" story. Specimen S73
is the only specimen where the maximum drift ratio in the
2" story is greater than 3% rad. (3.50%), and the maximum
drift ratio in the 3" story is greater than 2% rad. (2.22%).
The energy dissipation in the 3" story of Specimen S73 is
much greater than that of the other specimens. For
Specimen SO, the response of the 3™ story even remains
essentially elastic. Among all specimens, under the same
roof drift, Specimen S73 shows the smallest story drift in
the 1% story and the largest story drift in the 3" story. It is
obvious that the strongback column effectively changes the
deformation along the height to a more uniform pattern,
reduces the deformation demands in the 1% story, and
increases the participation of the structural components in
the 3 story to dissipate energy.

4.2.2 Drift concentration factor

Drift concentration factor is used to identify the
effectiveness of the strongback column to improve the
system behavior. Under dynamic loading, DCF varies

So
Fig. 11 Drift concentration factors of the specimens and the
numerical models

depending on the intensity of ground motions. Although the
tests in this study were conducted with static cyclic loading,
DCF also varied with the amplitude of applied
displacement. Fig. 10 shows the DCF of all the specimens
with respect to the roof drift ratio. Before the braces
buckled, the specimens remained elastic and the
deformation was small. For such cases, the DCF was
amplified with the small roof drift ratio. However, such
DCF was not associated with severe damage to the building.
It is the large DCF with large roof drift ratio that leads to
severe damage. For roof drift ratio greater than 0.75%,
Specimen SO shows the largest DCF, followed by Specimen
S42 and S73. At the end of the tests, the DCF of Specimen
S73 is 29% lower than that of Specimen SO and the DCF of
Specimen S42 is 11% lower than that of Specimen SO.
Although Specimen S73 and S42 demonstrated satisfactory
results for reducing DCF, the test results were different
from the results of static pushover analysis. This was
because of the P-A effect. The numerical simulations
considered P-A effect with a leaning column. However, in
the tests, the gravity load of the specimens only came from
the self-weight of the bare frame. The test specimens were
likely to perform better than the numerical models in terms
of the DCF because of lighter gravity load. Fig. 11
compares the DCFs of Specimen S73, S42 and SO with
those of numerical counterparts. Such results illustrated the
capability and accuracy of the numerical models.

4.2.3 Shear contributions from strongback

To investigate the shear contributions of the strongback
column to the horizontal resistant of a certain story, we
calculated the shear forces in the strongback column and
compared them with the story shear. The shear forces of the
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Fig. 12 The proportions of shear in the strongback column and SCBF for Specimen S73 and S42 under different roof drift

ratios
300 300 300
@ @ - 2F g - 3F
£200 £200 2200
g oo | 2 g 0873
m AA-Asyy | m 3 A-L-Ag4)
2 40 | 2 2 )
£100 | £100 £100
= = =
E g E L
= = =
o o o
0 1 | 0 0 H I |
3 0 1 2 3
Roof Drift (% rad.) Roof Drift (% rad.) Roof Drift (% rad.)
Fig. 13 The cumulative energy in each story for all specimens
600
strongback column were calculated by analyzing the strain _
data in the simple link, which connected the frame with the = I
strongback column. The story shear of each story was 23400
calculated from the feedback force in the actuators. Fig. 12 kS 00573
shows the proportions of shear in the strongback column o A-a-Asa2
and SCBF at various roof drift ratios for Specimen S73 and 2500 s
S42. The general trend shows that the shear contribution of =
the strongback column is the greatest in the 1% story and the S
smallest in the 3™ story. For Specimen S73, the shear 0 L
contribution of the strongback column in the 1% story is 3

about 10%, which is greater than that for Specimen S42
(about 5%). Under small roof drift ratios, because the
deformation of the system is relatively uniform, the effects
of the strongback column are little. For example, the story
shear of Specimen S42 at roof drift ratio of 0.1% was
contributed mainly from the SCBF. After the braces buckled
in the 1% story of both specimens (roof drift ratio = 0.5%
rad.), the shear contributions of the strongback columns in
the 1% story rise. The strongback columns were designed
with limited strength capacity. The shear contributions of
the strongback columns were roughly their capacity when
the soft-story mechanism was developed under larger roof
drift ratios. In general, the strongback columns were able to
develop nonlinear behavior with stable cyclic performance.
Only very minor damages, such as yielding in local regions,
were observed in the strongback columns.

Roof Drift (% rad.)
Fig. 14 The total cumulative energy for all specimens

4.2.4 Energy dissipation

Comparing the dissipated energy of the specimens is
convenient to investigate their energy capacity. Fig. 13
shows the relationship between the cumulative energy of
each story and the roof drift ratio. The cumulative energy
was calculated based on the story shear and the story
deformation. For the responses of the 1% story, because the
force and deformation demands of Specimen SO are greater
than those of other specimens, the energy accumulation rate
in the 1% story is also greater. For the responses of the 2™
story, the energy accumulation rates of all specimens are
similar. More difference can be observed for the responses
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of the 3 story; the energy accumulation rate and
cumulative energy of Specimen S73 are much greater than
those of other specimens under the same roof drift. The
cumulative energy of Specimen SO in the 3 story is even
close to zero representing essentially elastic response. The
negative values were the measuring errors from string pot.
The cumulative energy in the 1% story is associated with the
ductility capacity of the braces. For Specimen S73, the
strongback column effectively made more deformation
occur in other stories before the braces in the 1% story
reached their ductility capacity, and, therefore, increased the
total dissipated energy of the system. Fig. 14 compares the
total cumulative energy of all specimens with respect to the
roof drift ratio. The energy accumulation rates of all
specimens are similar, but Specimen S73 shows the best
capacity of energy dissipation; Specimen S73 dissipated
30% more energy than Specimen S42 and SO. Such results
also illustrate that Specimen S73 with the help of the
strongback column has better deformation capacity in terms
of roof drift, potentially greater energy dissipation capacity
and more efficient use of materials. On the other hand, for
Specimen S42, although the DCF was effectively reduced,
its strongback column did not help increase the energy
capacity of the whole system, significantly.

5. Conclusions

To investigate the effects of the strongback on SCBF, we
tested three 1/3 scaled specimens. The specimens were
designed according to the results of numerical simulations.
Two of them were the specimens with the strongback
column of different strength and stiffness. According to the
test results, the conclusions were made.

« Properly designed strongback columns effectively
redistribute the deformation of structure uniformly along
the height and reduce the DCF of the building. The DCF
of Specimen S73 is 29% lower than that of Specimen SO
and the DCF of Specimen S42 is 11% lower than that of
Specimen SO.
« Strongback in Specimen S73 was able to postpone the
rupture of braces in the 1st story. The braces rupture at
3% roof drift ratio for Specimen S73 and 2% for
Specimen S42 and SO. It is noted that the maximum
drift ratios of Specimen S73 and SO in the 1st story are
similar.
» Test results were consistent with the numerical results
of the model without considering P-A effects. In real
practice, we suggest that P-A effects should be
considered although such consideration may result in
less reduction in DCF. The strongback column is still
very likely to increase the energy dissipation capacity of
the system by a large amount.

» The shear contribution of the strongback column is

about 5% of the total story shear. Also, such shear

demands of the strongback column increase when more
drift concentration tends to occur.

» The strongback column in Specimen S73 effectively

reduces the force and deformation demands in the 1st

story and, in the meantime, increases those in the 3rd
story. Such effects result in a better seismic performance

of SCBF. Specimen S73 dissipated 30% more energy
than Specimen S42 and S0. The strongback column of
Specimen S42, on the other hand, is less effective in
terms of energy dissipation capacity of the system.
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