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In this study the seismic performances of staggered truss system (STS) structures with and without
vierendeel panels were evaluated. The force-displacement relationship and seismic fragility of basic type
STS were compared with those of the structures retrofitted with additional members such as interior
columns, vertical cables, end braces, and buckling-restrained braces (BRB). The analysis results showed

that the seismic performance of the STS with vierendeel panels could be greatly enhanced by installing
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interior columns. The use of end bracing and vertical cable also turned out to be somewhat effective in
enhancing strength and ductility and decreasing inter-story drifts and residual displacements. Similar
results were obtained in the STS structure without vierendeel panels retrofitted with end bracing or
designed with some of the diagonal members replaced with BRB.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The staggered-truss systems (STS) consists of a series of
story-high trusses spanning the total width between two rows of
exterior columns and arranged in a staggered pattern on adjacent
column lines. The system is known to be appropriate for use in res-
idential buildings such as apartments, condominiums, dormitories,
and hotels [1]. As columns are located only on the exterior faces of
the building, large clear span and open areas can be created.
Compared with conventional reinforced concrete residential
buildings’ plan layouts which are divided into many small spaces
by vertical shear walls, the residential buildings with staggered
trusses placed at alternate levels have enhanced spatial flexibility
with the economy and constructability. As story-high staggered
trusses function as floor beams as well as partition walls, story
height can be minimized and significant advantage in economy
can be achieved. Other benefits include minimum deflection and
greater stiffness in the structure [2]. The reduced weight of the
superstructure results in reduced seismic loads and substantial
cost savings in foundation work. It was reported that the structural
costs per unit building area turned out to be relatively low in STS
[3]. Kim et al. [4] conducted nonlinear static analyses of staggered
truss system buildings to identify failure modes under seismic
loads. Zhou et al. [5] conducted a series of experimental and
numerical analysis on the seismic behavior of staggered truss
systems, and investigated the influence of the typical design
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parameters. Chen and Zhang [6] carried out experimental research
to study the failure mode and joint capacity of a steel staggered
truss system model exposed to pool fire. Staggered truss systems
have been successfully applied to many large-scale building
projects and their efficiency and economy were reported [7-9].

To facilitate the application of the STS, AISC (American Institute
of Steel Construction) published the Design Guide 14: Staggered
Truss System Framing Systems [10], in which recommendations
and examples for structural design are provided. The STS, however,
has not been considered as one of the basic seismic-force-resisting
systems in most of design codes, which implies that further
research is still necessary for the system to be accepted as a stan-
dard structure system for seismic load. FEMA-450 [11] requires
that seismic-force-resisting systems that are not listed as the basic
seismic-force-resisting systems shall be permitted if analytical and
test data are submitted to demonstrate the lateral force resistance
and energy dissipation capacity. In this sense it is worthwhile to
note that the special truss moment frames, which have similarity
with STS in structural configuration and failure mechanism, is
included in ASCE 7-13 with high response modification factor
based on the extensive research on the seismic performance of
the system [12-14].

In this study 6-, 12-, and 18-story staggered truss structures
with vierendeel panels (Type A structures) and a 12-story structure
without vierendeel panels (Type B structure) were designed, and
their seismic behaviors were compared through nonlinear analysis.
Fragility analyses were carried out using 44 earthquake ground
records to estimate the probability of reaching specified limit
states for a given earthquake intensity. Based on the analysis


http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2015.08.006&domain=pdf
http://dx.doi.org/10.1016/j.engstruct.2015.08.006
mailto:jkim12@skku.edu
http://dx.doi.org/10.1016/j.engstruct.2015.08.006
http://www.sciencedirect.com/science/journal/01410296
http://www.elsevier.com/locate/engstruct

94 J. Kim et al. / Engineering Structures 102 (2015) 93-107

results, seismic reinforcing schemes were derived and their effects
on enhancing lateral load-resisting capacity were evaluated.

2. Design and analysis modeling of example structures

In this study total of ten STS analysis model structures were
designed per current design code: 6-, 12-, and 18-story STS struc-
tures with 2 m, 2.5 m, and 3 m long vierendeel panels in the middle
of the staggered trusses (Type A) and, for comparison, a 12-story
STS structure without vierendeel panels (Type B). In the Type B
structure it was assumed that the corridor was located outside of
the structure along the longitudinal direction, which was pin-
connected to the main structure and was neglected in the analysis
modeling. Fig. 1 depicts the structural plan of the Type A model
structures with vierendeel panel and the side view of the 6-story
analysis model structure. Fig. 2 shows the elevation of the
12-story Type B model structure without vierendeel panel. The
staggered trusses were located along the transverse direction, and
the moment-resisting frames were placed along the longitudinal
direction. No truss was placed in the first story to accommodate
large open space; instead diagonal members were installed at both
ends of the span along the transverse direction as was done in the
example structure of the AISC Steel Design Guide [10]. Exterior
columns were located in such a way that their strong axes were in
parallel with longitudinal direction of the structures as recom-
mended in the Design Guide [10]. The height of the typical stories
is 3.75 m and the height of the first-story is 4.0 m.

The design loads for the model structures were determined
based on the ASCE 7-10 [15] and structural member design was
carried out based on the Load and the Resistance Factor Design
(LRFD) of AISC 360-10 [16]. The dead load of 5.0 kN/m? and live
load of 2.0 kN/m? were used as gravity loads. Along the transverse
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Fig. 1. Six-story staggered truss model structure with a central corridor (Type A)
(mm).

Fig. 2. 12-story staggered truss model structure without a central corridor (Type B).

direction, where staggered trusses are located, the response mod-
ification factor of 3.0 was applied in the computation of the design
base shear, which is generally applied in structures not defined as
one of the seismic load-resisting systems; along the longitudinal
direction, where the seismic load-resisting system is the ordinary
moment-resisting frames, the response modification factor of 3.5
was used. The design spectral acceleration parameters for short
period (Sps) and at 1.0s (Spq) are 0.5 and 0.2, respectively, and
the short- and the long-period site coefficients F, and F, are 1.36
and 2.28, respectively. The design spectral acceleration parameters
correspond to the seismic design category Cyux and Dy, in the
ASCE 7-10 [15]. The site class was assumed to be D.

In all model structures, columns and upper and lower chords of
the staggered truss were designed with A572 steel (F, = 345 MPa,
F, =450 MPa) and the other members were made of A500 steel
(Fy =250 MPa, F, =400 MPa). The columns were designed in such
a way that the strength ratio P/Pq is about 0.5 as was done in
the design of the example structures in the AISC Steel Design
Guide 14 [10], and those of the members of the staggered trusses
were maintained around 0.8-0.9. The floor slabs were assumed
to be rigid diaphragm in the structural analysis. Table 1 shows
the fundamental natural periods of the model structures, where
it can be observed that the natural period increases as the length
of the vierendeel panel increases, and that the natural period of
the 12-story STS without vierendeel panels is significantly smaller
than that of the 12-story structure with vierendeel panels. The
Type A structure is similar to the coupled shear walls connected
by beams. In this case the overall stiffness depends mainly on

Table 1
Fundamental natural periods of the model structures.
2m 2.5m 3m
Type A 6F 1.07 1.27 1.49
12F 1.85 2.10 2.40
18F 2.49 2.77 3.08
Type B 12F 0.90
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the flexibility of the connecting beams. Therefore as the length of
the connecting beams increases, i.e. the length of the vierendeel
panel increases, the stiffness of those systems decreases and the
natural period increases. The Type B structure is equivalent of
the STS with zero length vierendeel panel, which results in larger
stiffness and smaller natural period than the structure with finite
length of vierendeel panel. The difference between the two sys-
tems can also be observed in the vibration modes of the structures
depicted in Fig. 3, where the mode shape of the structure with
vierendeel panels resembles that of a typical moment resisting
frame due mainly to the flexibility of the vierendeel panels,
whereas that of the structure without vierendeel panels is close
to the mode shape of a braced frame.

3. Nonlinear analysis results

In this section nonlinear static pushover analyses were carried
out to evaluate the overstrength and ductility of the model struc-
tures. Also investigated were the plastic hinge formation patterns
of the model structures. The nonlinear force-displacement rela-
tionships and limit states for structural elements were defined
based on the ASCE/SEI 41-06 [17]. The behaviors of structural
members were defined as elastic perfectly plastic model with the
expected yield stress of 1.1 times the nominal yield stress.
Nonlinear static and dynamic analyses were carried out using the
program code Perform-3D [18]. Fig. 4(a) and (b) show the back-
bone curves of selected beam and brace, respectively, with indica-
tion of the limit states such as 10 (Intermediate Occupancy), LS
(Life Safety), and CP (Collapse Prevention); Fig. 4(c) shows the hys-
teresis loop for bending behavior of beams and columns; and Fig. 4
(d) depicts the hysteresis loop for braces which has the compo-
nents of (1) yield in tension, (2) buckling in compression, and (3)
reloading in tension. Pushover analysis was carried out by gradu-
ally increasing the lateral load proportional to the fundamental
mode shape of the structure. The following combination of gravity
load was imposed on the structure during the analysis:

1.05 x (Dead Load) + 0.25 x (Live Load) (1)

Figs. 5 and 6 show the nonlinear force-displacement relation-
ships (pushover curves) of the model structures with and without
vierendeel panels, respectively, and the various response factors
obtained from the pushover curves such as yield and maximum
displacements, ductility and overstrength factors are presented in
Table 2. The design base shears of the model structures are also
indicated on the pushover curves. The maximum displacement,
oy, was determined as the top-story displacement when the
strength drops to 80% of the maximum value (0.8V,,4x) as defined
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Fig. 3. Mode shapes of 12-story STS.

in the FEMA P695 [19]. The yield displacement, J,, was obtained
by idealizing the pushover curves as bi-linear lines as recom-
mended in the ASCE/SEI 41 [17]. The ductility factor, p, was
obtained as the ratio of the maximum and the yield displacements,
and the overstrength factor, Q, was computed as the ratio of the
maximum and the design base shears. The results show that the
overstrength factor increases as the number of story increases,
but that the ductility factor generally decreases as the number of
story increases. As the length of the vierendeel panel increases
the overstrength factor decreases but the ductility factor increases.
In the 6-story structure the ductility factor increases from 2.53 to
2.78 (10% increase) as the length of vierendeel panel increases
from 2 m to 3 m. The increase is 32% and 31% in the 12- and 18-
story structures, respectively. This is also contributed from the
increased flexibility and deformability of the longer vierendeel
panels. In comparison with the 12-story structure with vierendeel
panels, the 12-story structure without vierendeel panels showed
higher strength and stiffness. The overstrength was computed as
7.3, which is significantly higher than those of the 12-story struc-
tures with vierendeel panels. The strength suddenly dropped at
relatively small roof displacement when some diagonal members
in the second and the third stories buckled under compression.
However even after the first strength drop, the structure showed
somewhat large residual strength and ductility. The final collapse
occurred when the plastic hinge rotation of the lower story chord
members exceeded the Collapse Prevention limit state.

Figs. 7 and 8 depict the plastic hinge formation of the model
structures right after the strength drop. It can be observed that
as the length of the vierendeel panels increases the maximum
strain corresponding to each damage state also increases. In the
6- and the 12-story structure with vierendeel panels plastic hinges
first formed at the chord members of the lower story vierendeel
panels, and subsequently spread to adjacent beams and exterior
columns. When the plastic rotation of the chord members in the
vierendeel panels reached the Collapse Prevention (CP) damage
state the strength dropped suddenly. In this stage plastic hinges
with about 25% of CP state also formed in the nearby columns.
Similar results were observed in the 18-story structure except that
plastic hinges formed in the mid-height of the structure. In all
model structures with middle corridor the plastic hinges formed
in the vierendeel panels reached the collapse prevention limit state
after the major strength drop. In the 12-story Type B structure
without vierendeel panels, plastic hinges formed concentrated in
the lower story truss chord members and exterior columns. Some
diagonal members in the lower stories buckled which leaded to
sudden drop of the overall strength of the structure.

4. Statistical seismic performance evaluation

In this section the seismic performance evaluation procedure
proposed in the FEMA P695 [19] was applied to the model struc-
tures, which proposes a methodology for quantifying building sys-
tem performance and response parameters for use in seismic
design. Nonlinear incremental dynamic analysis results are gener-
ally used to establish the median collapse capacity and collapse
margin ratio (CMR) for the analysis models. The ratio between

the median collapse intensity, Ser, and the MCE intensity, Syr, is
defined as the collapse margin ratio (CMR). The adjusted collapse
margin ratio (ACMR) is obtained by multiplying the tabulated spec-
tral shape factor with the collapse margin ratio that was predicted
using the Far-Field record set provided by the PEER NGA Database
[20]. Acceptable values of adjusted collapse margin ratio are based
on total system collapse uncertainty, Sror, and established values of
acceptable probabilities of collapse. They are based on the assump-
tion that the distribution of collapse level spectral intensities is
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Fig. 5. Pushover curves of Type A STS model structures having vierendeel panels with different lengths.

lognormal, with a median value, Ser, and a lognormal standard
deviation equal to the total system collapse uncertainty, fror.

Bror = \/ﬁfzeTR + Bow + Bo + By (2)

The total system collapse uncertainty is a function of record-
to-record (RTR) uncertainty, design requirements related (DR)
uncertainty, test data-related (TD) uncertainty, and modeling
(MDL) uncertainty. Values of total system collapse uncertainty,
Bror, and the corresponding acceptable values of adjusted collapse
margin ratio, ACMR10% and ACMR20%, are provided in the FEMA
P695 [19] as shown in Table 3.

The global damage states of the model structures were divided
into four levels such as Slight, Moderate, Extensive, and Complete

damage as was done in the HAZUS [21]. The states of ‘Slight
Damage’ and ‘Moderate Damage’ were defined as the spectral
displacements corresponding to the 70% and the 100% of the
yield point, respectively. The ‘Extensive Damage’ was defined as
the quarter point from ‘Moderate’ to ‘Complete’ damage.
The ‘Complete Damage’ was the spectral displacement at
which the strength decreased to 80% of the maximum strength.
Table 4 shows the maximum inter-story drift ratios of the model
structures at each damage state obtained from pushover analysis.

Incremental dynamic analyses of the model structures were
carried out using the twenty-two pairs of scaled records provided
by the PEER NGA Database [20]. Fig. 9 shows the response spectra
of the 44 earthquake records used in the incremental dynamic
analyses of the 6-story model structure with 2 m vierendeel panel
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Table 2
Overstrength and ductility factors of the Type A model structures.
dy (cm) Jy (cm) u Q
6F 2m 9.42 23.80 2.53 2.37
25m 11.26 30.02 2.67 1.99
3m 13.40 37.24 2.78 1.65
12F 2m 21.22 26.46 1.25 243
2.5m 25.23 44.85 1.78 2.31
3m 30.01 49.50 1.65 2.03
18F 2m 34.03 41.17 1.21 2.87
2.5m 40.06 55.75 1.39 2.55
3m 46.55 74.05 1.59 2.35
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Fig. 7. Plastic hinge formation in the Type A structures.

length. They were scaled in such a way that the spectral accelera-
tion of each record at the fundamental period of the structure,
which is 1.07 s, becomes 1.0 g. Damping ratios of 5% were used

Fig. 8. Plastic hinge formation in the 12-story Type B structure.

Table 3
Acceptable values of the adjusted collapse margin ratios (ACMR;oy and ACMR;0s).

Total system collapse
uncertainty

Collapse probability

5% 10% 15% 20% 25%
(ACMR;g%) (ACMR30%)

0.675 3.04 238 2.01 1.76 1.58
0.700 3.16 245 2.07 1.80 1.60
0.725 330 2.53 212 1.84 1.63
0.750 3.43 2.61 2.18 1.88 1.66
0.775 3.58 2.70 223 1.92 1.69
0.800 3.73 279 229 1.96 1.72

0.825 3.88 2.88 2.35 2.00 1.74

for all vibration modes, and the spectral acceleration vs. maximum
inter-story drift ratio was plotted. Figs. 10 and 11 depict the incre-
mental dynamic analysis results of the model structures with and
without vierendeel panels, respectively. Table 5 shows the
adjusted collapse margin ratios (ACMR) of the Type A models with
2 m vierendeel panel and the structure without vierendeel panel
obtained from the IDA curves and the corresponding acceptable
values provided in the FEMA P695 [19]. It can be noticed that the

median collapse intensity, Sar, generally decreases as the number
of story increases. However as the MCE intensity, Syr, also
decreases as the number of story increases, the collapse margin
ratio, which is the ratio of the two values, seems to be independent
of the building height. It also can be observed that the adjusted col-
lapse margin ratios of the model structures were larger than the
acceptable values of ACMR20%. This implies that the parameters
used in the seismic design of the model structures are valid.

The seismic fragility is described by the conditional probability
that the structural capacity, C, fails to resist the structural demand,
D, given the seismic intensity hazard, SI, and is modeled by a log-
normal cumulative distribution function as follows [22]:

PID> (| = <1>(1n [D/ﬁ] /ﬁc> 3)
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Table 4
Maximum inter-story drift ratio of model structures at each damage state.
Slight Moderate Extensive Complete
Type A 6F_2m 0.0044 0.0066 0.0094 0.0179
6F_2.5m 0.0054 0.0079 0.0113 0.0212
6F_3m 0.0063 0.0094 0.0140 0.0283
12F_2m 0.0051 0.0103 0.0111 0.0193
12F_2.5m 0.0057 0.0108 0.0139 0.0217
12F_3m 0.0061 0.0110 0.0141 0.0219
18F_2m 0.0044 0.0085 0.0096 0.0127
18F_2.5m 0.0050 0.0088 0.0110 0.0172
18F_3m 0.0058 0.0109 0.0152 0.0274
Type B 12F 0.0026 0.0078 0.0146 0.0379
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where @[.]=Standard normal probability integral, C = median
structural capacity, associated with the limit state, and

Bc=uncertainty in C. The median structural capacity C associated

with each damage limit state was obtained from the IDA curves
as the spectral acceleration at which the limit state was reached

Spectral acceleration (g)

T
0.02

Maximum interstory drift ratio

Fig. 11. Incremental dynamic analysis results of the 12-story Type B structure.

by at least 22 earthquake records. Table 6 shows the median struc-

tural capacity C associated with the four limit states obtained from
the incremental dynamic analysis results of the 44 earthquake
records. It can be seen that in all damage states the median capacity
decreases as the number of story increases and the length of vieren-
deel panel increases. It also can be observed that the median capac-
ity of the 12-story structure without vierendeel panels, which has
significantly larger stiffness than that of the structure with vieren-
deel panels, is more than three times larger than those of the struc-
tures with vierendeel panels.

Figs. 12 and 13 depict the fragility curves of the analysis model
structures with and without vierendeel panels, respectively, corre-
sponding to the four damage states described above. They provide
the probability of exceeding a prescribed level of damage for a
wide range of ground motion intensities. For the uncertainty asso-
ciated with the structural capacity, fc, to be used in the normal
probability integral function (Eq. (3)), the total system collapse
uncertainty, Bror, shown in Eq. (2) was used. The total system
collapse uncertainty was estimated to be 0.731 based on the
FEMA P-695 using the values Bgrr (record-to-record uncertainty)
=0.2 (minimum value), ppr (design requirements-related
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Fig. 10. Incremental dynamic analysis results of the structures with 2 m-wide middle corridor.



J. Kim et al./Engineering Structures 102 (2015) 93-107 929
Table 5
Adjusted collapse margin ratios of the Type A (2 m vierendeel panels) and Type B structures.
Story Scr Smr CMR SSF ACMR ACMR; 0 Pass/Fail
Type A 6 095g 0275g 3.455 1.125 3.389 1.85 Pass
12 0.68¢g 0.159¢g 4277 1.068 4.567 1.85 Pass
18 035¢g 0.119¢g 2.941 1.065 3.132 1.85 Pass
Type B 12 0.70 g 0329¢g 2.128 1.015 2.344 1.85 Pass

Table 6 R
Median structural capacity C associated with the limit states (g).
Slight Moderate Extensive Complete
Type A 6F_2m 0.19 0.28 0.38 0.70
6F_2.5m 0.17 0.25 0.37 0.63
6F_3m 0.14 0.21 033 0.61
12F_2m 0.12 0.20 0.25 0.40
12F_2.5m 0.11 0.19 0.24 0.37
12F_3m 0.10 0.15 0.19 0.28
18F_2m 0.09 0.15 0.16 0.19
18F_2.5m 0.05 0.09 0.13 0.16
18F_3m 0.05 0.09 0.11 0.15
Type B 12F 0.34 0.58 0.76 1.38

uncertainty) = 0.35 (Fair), Brp (test data-related uncertainty) = 0.5
(Poor), and Byp; (modeling uncertainty) = 0.35 (Fair). It can be
observed that the probability of reaching each damage state
increases as the number of story and the length of the vierendeel
panel increase. Among the four damage states considered, the
increase in the failure probability for the Collapse damage state
is more predominant than the other limit states. In the 6-story
structure with 2 m vierendeel length, the probabilities of reaching
the Slight and the Moderate damage states exceed 0.9 when the
spectral acceleration reaches 1.0 g, while the probability of reach-
ing the Collapse state is below 0.7. At the same acceleration level,
the Collapse probability increases to 0.89 and 0.98 as the number
of story increases to 12 and 18, respectively. In the 12-story struc-
tures the Collapse probability increases from 0.89 to 0.96 as the
length of vierendeel panel increases from 2 m to 3 m, respectively.
In comparison with the structure with vierendeel panels, the struc-
ture without vierendeel panels shows much smaller probability of
reaching each damage state. The decrease in the probability for
reaching the Collapse state turned out to be the most significant.

5. Seismic retrofit schemes for staggered truss systems
5.1. Retrofit of the structure with vierendeel panels

It was observed in the previous section that the STS model
structures have sufficient stiffness and strength but have relatively
small ductility, especially in the 12- and 18-story structures, as a
result of damage concentration in the lower story vierendeel pan-
els (in Type A STS with middle corridor) or in truss diagonal mem-
bers (in Type B STS without middle corridor). In this section the
effects of some seismic retrofit schemes for the STS structures were
investigated. Three retrofit schemes were considered in the
12-story structure with 2.5 m wide vierendeel panels.

The first scheme is to add interior columns along both sides of
the middle corridor which passes through the vierendeel panels
as shown in Fig. 14(a). This scheme reduces the span of the trusses
to less than half of the original length and is expected to enhance
the redundancy of the structure significantly. The interior columns

may be enclosed inside of the partition walls located along the
middle corridor. However one of the main advantages of STS,
which is to provide column free large open space in the first story,
is lost. In addition additional footings are required for the internal
columns and the columns may not be small enough to be hidden
inside of the partition walls. The added columns are rigidly con-
nected to the chord members of the staggered trusses in case of
retrofit of existing structures. However if the interior columns
are considered for new structures, they are vertically continuous
and the staggered trusses are pin connected to the interior (and
the exterior) columns and the vierendeel panels are rigidly con-
nected to the interior columns. The second scheme is to add a diag-
onal bracing between upper and lower staggered trusses at both
ends of all the stories without trusses as shown in Fig. 14(b). In
the original structure the end braces are installed only in the first
story. In the third scheme tension members such as cables or steel
rods were added from the top story to the second story at both
sides of the middle corridor, as shown in Fig. 14(c), with the inten-
tion that they might function like zipper columns in a structure
with chevron braces. The cables/rods have advantage in that they
are not required in the first story and, as they generally have
smaller cross section than typical steel columns, they can easily be
concealed inside of partition walls and may not interfere with spa-
tial planning. The size of the cable is determined in such a way that
the internal potential energy of the cable is larger than the energy
stored in the truss right below the cable when the system is dis-
placed to the limit state due to lateral load as shown in Fig. 15. It
was assumed that plastic hinges were concentrated at the ends of
the chord members in the vierendeel panel. In the figure the angle
¢ of the deformed configuration can be obtained as follows:
T L

P=5"T L (4)
where L is the length of the vierendeel panel and L is the overall
length of the staggered truss. The final length of the elongated cable
is I+I3 which are obtained as follow from the deformed
configuration:

h L—1L

L

The elongation of the cable, Al, is obtained as the difference
between the original length and the final length:

(L-Ly)sin0+2h

Al=b+b -k = 2 cos 0

h (6)
If 0 is very small (say less than 0.05) then sinf = 0 and cos 0 == 1.
Therefore Al can be simplified as follows:
(L—-L)
Al =———== 7
l 3 0 (7)
The minimum required cross sectional area of the cable was
obtained based on the condition that the energy stored in the cable
is equal to the energy stored in the four plastic hinges in the
vierendeel panel:
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where A, is the minimum required cross sectional area of a cable, F.
is the yield strength of the cable, and M, is the plastic moment of
the vierendeel panel chord members. In this way the cables can
be designed not to yield when subjected to design level seismic

load.
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Fig. 12. Fragility curves of the Type A model structures with various length of vierendeel panel.

The retrofit schemes were applied to the 12-story original struc-

8)
ture with 2.5 m long vierendeel panels and the revised structures
were redesigned using the same design loads. Table 7 shows the
9) selected member size of the original and the retrofitted structures
at the selected stories. The size of the added interior columns var-

ied from HSS10 x 10 x 1/2 (in) to HSS8 x 8 x 3/16. It was observed
in the structure with added interior columns that the sizes of the
truss chord members decreased slightly as a result of reduced span
length, and in the structure with added end bracing the sizes of
exterior columns and diagonal members directly connected to
the added bracing were slightly reduced. The use of Eq. (9) resulted
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Fig. 13. Fragility curves of the 12-story Type B model structure without vierendeel
panels.

in the required cable diameter of 4 cm to 2 cm in the model struc-
ture depending on the stories. Compared with the amount of steel
in the original structure, the required steel for the first (addition of
interior columns) and the second (addition of end bracing) retrofit
schemes increased by 9.5% and 1.9%, respectively. The amount of
the cable added to the structure is 0.7% of the total weight of the
structural steel. Fig. 16 shows the pushover curves of the
12-story STS structure with and without application of the retrofit
schemes, and various response factors such as displacement at
yield, maximum displacement, ductility ratio, and overstrength
factors are presented in Table 8. It was observed that the over-
strength and ductility of the model structure retrofitted with inte-
rior columns are respectively 167.7% and 239.7% higher than those
of the original structure. The structure reinforced with end bracing
showed 13.6% and 42.8% higher overstrength and ductility factors,

101
Fi
4—
h e Wil
T \l3
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<—
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0 Ls ‘
L

Fig. 15. Deformed configuration of a Type A structure reinforced with cables.

Table 7

Selected member size of the retrofitted 12-story structure with 2.5 m vierendeel

panel (unit: in).

Story Model  Column Chord Diagonal Vertical
2 Original W12 x 190 W8 x 35 HSS8 x 8 x 5/8 HSS8 x 8 x 1/2
Column W12 x 190 W8 x 21 HSS8 x 8 x 5/8 HSS10 x 10 x 1/2
Brace W12 x 190 W8 x 35 HSS8 x 8 x 1/2 HSS8 x 8 x 1/2
12 Original W12 x 53 W8 x 21 HSS8 x 8 x 1/2 HSS8 x 8 x 1/2
Column W12 x53 W8 x21 HSS8 x8 x 1/2 HSS8 x 8 x 1/2
Brace W12 x50 W8 x21 HSS6 x 6 x 1/2 HSS8 x 8 x 1/2

respectively. In the structure with added cables, the overstrength
and ductility factors increased by 20.5% and 77.4%, respectively.
Fig. 17 depicts the plastic hinge formation in each retrofitted

— Cable

[—Colum g 5 1250 5 5 7 5 1,250 375 75
=
375 5 1,250 5 375
(a) Interior columns (b) End braces (c) Cables

Fig. 14. Seismic reinforcing schemes for Type A structures.
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structure right after major strength drop. In the structure retro-
fitted with interior columns plastic hinges formed concentrated
in the columns, diagonal members, and chord members in the
lower stories. Some plastic hinges formed in the exterior columns
and diagonal members reached the collapse prevention (CP) limit
state, and the plastic rotation of the plastic hinges in the vierendeel
panels is less than 50% of the CP limit state. The major strength
drop occurred due to the buckling of diagonal members and the
plastic hinge formation in the exterior columns. In the structure
with added end bracing plastic hinges formed mainly in the low
to mid-story chord members. It was observed that the collapse
was initiated when plastic hinges in the lower story chord mem-
bers reached the CP state. In the structure retrofitted with cables
plastic hinges were widely distributed throughout the building
height, and the collapse started when plastic hinges formed in
the lower story vierendeel panels reached the CP limit state.
Even though not shown in this paper, the addition of interior
columns from the second to the top stories resulted in similar
pushover curve and plastic hinge formation to those of the struc-
ture retrofitted with cables. In this case the increase in the struc-
tural steel is 10.1%, which is slightly larger than the amount of

methods. steel required for the first retrofit scheme (added columns in all
stories). It was observed that when interior columns are not placed
Table 8 in the first story the decrease in the size of chord members in the
able . N .
Overstrength and ductility factors of the retrofitted Type A structures. Stag_gered trusses 1s not Slgmﬁca.nt' . . .
Fig. 18 shows the mean maximum inter-story drifts and resid-
dy (cm) 0y (cm) H Q ual top story displacements of the 12-story model structures
Original 25.87 44.85 1.73 2.31 obtained from nonlinear dynamic analyses using the seven earth-
Column 26.81 157.87 5.89 6.17 quake records shown in Table 9 scaled to the maximum considered
Brace 26.43 65.41 2.47 2.62 _ _
earthquake spectrum of Los Angeles area (S, =1.61, S;=0.79). It
Cable 28.69 88.23 3.08 2.78 L o
can be observed that the mean seismic responses of the original
10
LS
CP
(a) Interior columns (b) End bracing (c) Cables

Fig. 17. Plastic hinge formation in the 12-story Type A structure at the point of major strength drop after retrofit.
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R.F. ° -~ Table 9
Earthquake records used in the dynamic analysis.
12F —| —@— Original
—«&— Cable Name M Year PGA (g) PGV (cm/s)
11F — — & Brace
3%¢— Column Northridge 6.7 1994 0.52 63
10F — Imperial Valley 6.5 1979 0.38 42
oF _| Kobe, Japan 6.9 1995 0.51 37
Kocaeli, Turkey 7.5 1999 0.36 59
8F — Manyjil, Iran 74 1990 0.51 54
7F Superstition Hills 6.5 1987 0.45 36
-] San Fernando 6.6 1971 0.21 19
6F —
5F
4F |
Table 10
3F Limit states for the maximum inter-story drift ratio of the 12-story Type A structures
oF after retrofit at each damage state.
GL Slight Moderate Extensive Complete
0 0 ‘01 0 ‘02 0.03 Original 0.0057 0.0108 0.0139 0.0217
o e ‘ Column 0.0053 0.0069 0.0092 0.0155
Maximum interstory drift ratio Brace 0.0055 0.0094 0.0126 0.0206
(a) Inter—story drift ratios Cable 0.0061 0.0090 0.0111 0.0161
20
18 ] Table 11 R
__ Median structural capacity C for the Type B structures associated with the global limit
16 | states after retrofit (g).
€ 14 T Slight Moderate Extensive Complete
o —
:é’ i Original 0.11 0.19 0.24 0.37
o 12 - Column 0.31 0.42 0.56 0.84
% - Brace 0.11 0.18 0.26 0.46
8 10 — Cable 0.13 0.19 0.25 0.52
‘—5,)_ 4
T 8]
§ 4
g 67 - .
2 N structure were significantly reduced in the retrofitted structures.
x 4 ] The maximum inter-story drift of the original structure is largest
2 | due to the concentration of damage in a few stories as can be
. observed in Fig. 7. On the other hand, plastic hinges are more
0 widely distributed throughout the stories in the retrofitted struc-

Original ~ Cable  Brace  Column

(b) Residual t " disol t tures, as shown in Fig. 17, which results in smaller maximum
esidual top story displacemen

inter-story drift even though the roof displacements are larger
than that of the original structure. The reduced inter-story drifts

Fig. 18. Mean responses of the 12-story Type A structures subjected to strong N ) oY
in the retrofitted structures also contributed to the significant

earthquakes.
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Fig. 19. Fragility curves of the 12-story Type A structures retrofitted with various methods.
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Fig. 20. Retrofit schemes for Type B structure.

reduction of residual displacement. This implies that the time and
cost required for repair will be greatly reduced.

Fig. 19 depicts the fragility curves of the 12-story Type A model
structures retrofitted by three different methods obtained from
incremental dynamic analyses using the 44-records previously
used. The limit states for inter-story drifts corresponding to the
four different global damage states obtained from pushover
analysis are presented in Table 10. The median structural capaci-

ties associated with each limit state, C, obtained from incremental
dynamic analysis results are shown in Table 11. It can be observed
that the seismic fragilities, which are the probability of reaching
the given limit states, of the structure with additional end bracing
for the ‘Slight’ and ‘Moderate’ damages are similar to those of the
original structure, whereas the fragility for the ‘Complete’ damage
state decreased slightly. Similar results were obtained in the struc-
ture with added cables along the corridor except that the fragility
for the ‘Complete’ damage state further decreased. In the structure
retrofitted with interior columns the probabilities of reaching all
four damage states decreased significantly compared with those
of the original structure, which is consistent with the significant
increase in the pushover curve of the structure. Based on the fragi-
lity analysis results it can be concluded that the staggered truss
structures with added end bracing or interior vertical tension
members such as cables may be more effective in preventing total
collapse against large earthquake than in reducing damage for
moderate earthquakes.

5.2. Retrofit of the structure without vierendeel panels

It was observed in the pushover analysis results described in
Fig. 6 that, even though the Type B structure without vierendeel
panels had higher strength, the strength dropped suddenly at rela-
tively small roof displacement due to the buckling of some diagonal

members in the lower story trusses. It was also observed that
plastic hinges were concentrated in the lower story truss chord
members and exterior columns, which diminishes the effective
use of structural elements when it is subjected to seismic loads.
In this section two methods were applied to enhance the seismic
performance of the structure. In the first method, the end braces
were applied again in every story as depicted in Fig. 20(a). In the
second method, based on the observation that the sudden strength
drop was caused by buckling of a few truss diagonal members,
some critical braces were replaced by buckling-restrained braces
(BRB). The locations of the BRB are shown as dotted lines in
Fig. 20(b). The configuration and the hysteresis curve of the BRB
used in the analysis are depicted in Fig. 21 [23], and Fig. 22 depicts
the idealized skeleton curve of the BRB used in the analysis. The
tension strength adjustment factor @ and the compression strength
adjustment factor g of the idealized skeleton were obtained as 1.2
from the experimental hysteresis curve, and the fracture strain
was assumed to be 12 times the yield strain which is slightly
smaller than the fracture point obtained from the experiment.

When the model structure was redesigned with added end
braces the overall amount of steel was slightly reduced. In case
BRB were applied in the selected locations and redesigned, the
cross-sectional area of the BRB core elements was reduced to about
35% of that the original brace members. However the change in the
total weight of structural steel is minute due to the addition of the
exterior steel tubes of the BRB which only works to prevent buck-
ling of the core members. Fig. 23 depicts the pushover curves and
Table 12 shows the seismic response factors of the retrofitted Type
B structures. It can be found that the overstrength and the ductility
factors of the structure retrofitted with end bracing increased by
4.78% and 13.84%, respectively, compared with those of the origi-
nal structure. The residual strength after the first strength drop
increased by 35%. In the structure retrofitted with BRB, global
yielding started at significantly lower strength, and the maximum
strength of the structure decreased by 9.8% due to the reduced size
of the BRB core elements compared with the size of the conven-
tional braces. However compared with the somewhat brittle
behavior of the original structure and the structure with end
braces, the structure with BRB behaved in more ductile manner.
The overall strength of the structure with BRB dropped after signif-
icant inelastic deformation due mainly to the large deformation
capacity of the BRB. The plastic hinge formation of the retrofitted
structures at the Collapse stage is shown in Fig. 24. It was observed
in the structure with end braces that the strength first dropped due
to buckling of the lower story diagonal members and the final col-
lapse was initiated by the failure of the truss chord members.
Compared with the plastic hinge deformation in the original struc-
ture shown in Fig. 8, the amount of plastic deformations in lower
story columns and bracing of the retrofitted structures are signifi-
cantly reduced and most severe damages are concentrated in the
second story chord members. The number of plastic hinges in the
bracing members in the upper stories also somewhat decreased.
This change in plastic hinge formation pattern resulted in the sig-
nificant increase in overall ductility as can be observed in Fig. 23. In
the structure retrofitted with end bracing, strength suddenly
dropped when some diagonal members in the lower story stag-
gered trusses buckled; however the amount of strength drop was
somewhat reduced since the damage was distributed to the added
end bracing. In the model structure retrofitted with BRB, plastic
hinges first formed in the BRB followed by formation of plastic
hinges at the chord members and columns in the lower stories.
After significant plastic deformation had occurred, the excessive
plastic deformation in the first story columns leaded to collapse
of the structure.
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Fig. 23. Pushover curves of the Type B structures after retrofit.

Table 12
Overstrength and ductility factors of the retrofitted 12-story Type B structure.
Jy (cm) 8y (cm) 2 Q
Original 14.02 49.69 3.54 7.32
Brace 13.45 54.18 4.03 7.67
BRB 12.42 68.29 5.50 6.60
O
O @)
(a) End bracing (b) BRB

Fig. 24. Plastic hinge formation of the Type B structures after retrofit.

The inter-story drifts of the structures corresponding to the four
different global damage states are presented in Table 13. The
median structural capacities associated with each global limit

Table 13
Limit states for the maximum inter-story drift ratio of the retrofitted Type B
structures at each damage state.

Slight Moderate Extensive Complete
Original 0.0026 0.0078 0.0146 0.0379
BRB 0.0053 0.0081 0.0190 0.0513
Brace 0.0025 0.0068 0.0149 0.0375
Table 14

Median structural capacity C for the retrofitted Type B structures associated with the
global limit states (g).

Slight Moderate Extensive Complete
Original 0.34 0.58 0.76 1.38
BRB 0.25 0.40 0.86 1.92
Brace 0.34 0.59 0.93 1.88

state, C, obtained from incremental dynamic analysis results are
shown in Table 14. In the structure retrofitted with end bracing
the median structural capacities associated with the Slight and
the Moderate limit states are similar to those of the original struc-
ture. However the median capacities for the Extensive and
Complete limit states are 1.2 and 1.3 times larger than those of
the original structure. The median capacities of the structure retro-
fitted with BRB for the Slight and the Moderate limit states are
smaller than those of the original structure. However the median
capacities for the Extensive and Complete states are 1.1 and 1.4
times larger than those of the original structure. Fig. 25 depicts
the fragility curves of the retrofitted model structures. In compar-
ison with those of the original structure shown in Fig. 13, the seis-
mic fragilities of the structure with additional end bracing for the
Slight and the Moderate damage states rather slightly increased,
whereas the fragilities for the Extensive and the Complete damage
states slightly decreased. Similar probabilities of reaching the
Slight and the Moderate damage states were observed in the struc-
ture retrofitted with BRB. However the fragilities for the Extensive
and the Complete damage states further decreased compared with
those of the structure retrofitted with end bracing. The analysis
results show that, even though the BRB model has lower yield
and maximum strengths, it displays quite ductile behavior with
smaller probability of extensive damage and collapse. The scheme
also has the advantage in that spatial planning is not interfered
with addition of structural elements.

6. Concluding remarks

In this study the seismic performance of staggered truss system
(STS) structures with and without vierendeel panels retrofitted
with various schemes such as adding interior columns, vertical
cables, end braces, and buckling-restrained braces (BRB).
Pushover analyses were carried out to estimate the nonlinear
load-displacement relationship, and the probabilities of reaching
four damage states were obtained from incremental dynamic
analysis results of 44 earthquake records.

The analysis results showed that the prototype STS structures
had enough strength but limited ductility, and that the seismic
performance of the STS could be enhanced with the proposed
retrofit schemes. The seismic performance of the STS with vieren-
deel panels could be greatly increased by installing interior
columns. The use of end bracing and vertical cable also turned
out to be somewhat effective in enhancing strength and ductility
of the STS with vierendeel panels, especially in the Collapse
damage state. It was also observed that when vertical cables were
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Fig. 25. Fragility curves of the retrofitted Type B structures.

installed along both sides of the vierendeel panels, plastic hinges
were concentrated at the chord members of the vierendeel panels
and were evenly distributed throughout the stories. Considering
the fact that the addition of interior columns and end bracing will
interfere with spatial planning of the building, the addition of
cables, hidden inside of partition walls, may be an efficient option
for enhancing seismic performance of STS structures. It was also
noticed that the ductility of the STS structure without vierendeel
panels could be enhanced by applying additional end bracing or
replacing some of the critical diagonal members with BRB.
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