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This paper reports the details of a numerical study undertaken to evaluate seismic response factors for steel
buckling-restrained braced frames (BRBFs) using the FEMA P695 methodology. In the United States, BRBFs are
designed according to Minimum Design Loads for Buildings and Other Structures (ASCE 7) and the Seismic Pro-
visions for Structural Steel Buildings (AISC 341). Twenty-four archetypes were designed according to the U.S.
specifications and their behavior was assessed by making use of non-simulated collapse models. The interstory
drift, brace axial strain and cumulative brace axial strain demands under collapse level ground motions were
Buckling-restrained brace determined. The results obtained indicate that the current seismic response factors are adequate in terms of
Structural frames interstory drift and cumulative axial strain demands. On the other hand, large differences between the design
Steel level and collapse level axial strains were reported, which can result in undesirable brace behavior. Modified

Keywords:

Seismic approaches were developed to estimate the axial strains for collapse level ground motions. These include a mod-
Response factor ification to the deflection amplification factor and a modification to the AISC 341 requirements for expected brace
Yielding deformations. The archetypes were redesigned using the proposed modifications and reevaluated using the
FEMA P695 methodology. The results indicate that the proposed modifications result in axial strain demands

that are in close agreement with the calculated demands.
© 2018 Elsevier Ltd. All rights reserved.
1. Introduction corresponding to a story drift of at least 2% of the story height or two

Steel buckling-restrained braced frames (BRBFs) are often used as
lateral load resisting systems against forces produced by wind and
earthquakes. BRBFs employ buckling-restrained braces (BRBs) which
may be considered as hysteretic dampers. During a seismic event,
BRBs yield in tension and compression and contribute to energy dissipa-
tion. As shown in Fig. 1, a typical BRB is composed of a core segment,
de-bonding material and a buckling restraining mechanism [1,2]. The
cross section of the core segment is usually reduced along the length
to constrain yielding to a limited domain. The length of the yielding seg-
ment can be adjusted to meet the stiffness requirements.

The axial load resistance and axial strain capacity of BRBs are the two
most important parameters that should be determined at the design
stage. BRB manufacturers use these key parameters to develop designs
that meet these objectives. The AISC Seismic Provisions for Structural
Steel Buildings (AISC 341) [3] provide guidance on the expected BRB
deformation demands. According to this specification, BRBs shall be
designed, tested and detailed to accommodate deformations
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times the design story drift, whichever is larger. Qualifying cyclic tests
for BRBs also employ the expected deformation demand as the main
parameter for the loading protocol. In addition, individual brace test
specimens are required to achieve a cumulative inelastic axial deforma-
tion of at least 200 times the yield deformation.

The equivalent lateral force procedure can be used together with a
set of seismic response factors to obtain the design story drift. This pro-
cedure enables elastic analysis and design which is based on reduced
seismic forces. The idea here is that the magnitude of lateral forces is
reduced by taking into account the yielding and ductility of the lateral
load resisting system. The general structural response shown in Fig. 2
should be considered to view the development of response factors.
Their formulation according to Uang [4] is as follows:

_Amax _Ve _Vy _Ve_ _Amax_
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where, V, is the ultimate elastic base shear, V; is the base shear at the
first significant yield, V, is the base shear at the structural collapse
level, A, is the drift at the first significantyield, A, is the drift at the struc-
tural collapse level, A4 is the maximum amount of drift, s is the duc-
tility factor, €, is the overstrength factor, R, is the ductility reduction
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Fig. 1. A typical buckling-restrained brace.

factor, R is the response modification coefficient, and C; is the deflection
amplification factor.

Seismic response factors have been developed for various lateral
load resisting systems based on observations from past earthquakes
and engineering judgment. These factors vary from one specification
to the other. In the United States, seismic response factors for BRBFs
are given in Minimum Design Loads for Buildings and Other Structures
(ASCE 7) [5]. The recommended values of the response modification co-
efficient (R), the over-strength factor (£),), and the deflection amplifica-
tion factor (C4) are 8, 2.5, and 5, respectively. Brace deformation
demands must be reasonably estimated at the design stage for the sat-
isfactory performance of BRBFs. The design and detailing of BRBs are di-
rectly influenced by the design axial force and the story drift, which
depend on the seismic response factors.

Numerical studies conducted on BRBFs have concentrated on quan-
tifying and reducing the amount of residual drifts [6,7], the effect of dif-
ferent beam-to-column connections [8] and the use of short cores [9]. A
few studies were also undertaken to address the issue of response fac-
tors. One of the early studies was conducted by Sabelli et al. [10] to ex-
plore the inelastic dynamic behavior of BRBFs and to compare it with
the behavior of concentrically braced frames. Five stacked chevron
(Inverted V) type BRBF archetypes were designed and investigated
using nonlinear time history analyses. The primary variables investi-
gated were the response modification coefficient, the flexibility of
beams and the level of seismic hazard. Three and 6 story archetypes
were designed considering response modification coefficients of 6 and
8. For the 6 story archetypes, stiff and flexible beam cases were studied
to examine the effect of beam flexibility on the overall response. Seismic
hazard levels corresponding to a 50%, 10%, and 2% probability of exceed-
ance in a 50-year period were considered. The frames were designed on
the basis of the equivalent lateral force (ELF) procedure and the designs
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Fig. 2. General structural response.

were governed by the strength of the members, where code displace-
ment criteria were not the controlling factor. The yield strength of the
braces was 248 MPa and the yielding segment of the brace had a length
of 70% of the total brace length. Columns were modeled as a having
fixed bases and all beam-to-column connections with gusset plates at-
tached were modeled as being rigid. The analysis results revealed that
the response of the frames is not sensitive to the response modification
coefficient selected in the rage of 6 and 8. Stiffening the beam to limit
the vertical displacements was found to have only a small effect on
the peak lateral displacements. The overall response was found to be in-
fluenced significantly by the seismic hazard level. The displaced shape
of the frames resembles flexural behavior for the 50% probability events,
where larger interstory drifts occur at the top rather than at the bottom.
The pattern of deformations was found to change significantly as the se-
verity of earthquakes is increased. For the 10% and especially the 2% per-
cent probability events, drift concentrations in the lower stories were
reported. The mean of the maximum drifts under the suite of ground
motions considered was reported alongside the maximum elastic drift
under design loads. The ratio of the maximum drift to elastic drift is
an indication of the displacement amplification factor for BRBF systems.
This ratio was observed to vary between 5.7 and 7.8 for the 10% proba-
bility events. For the case of a 6 story archetype under the 2% probability
events, a ratio of 18.4 was reported which shows a significant increase
in displacement demands as the seismic hazard level increases. The
highest cumulative brace ductility demands were observed in one of
the 6-story archetypes subjected to excitations with a 2% probability
of exceedance in 50 years. The mean and mean plus one standard devi-
ation cases resulted in brace ductility demands of 139 and 185 times the
yield deformation respectively.

Fahnestock et al. [11] conducted a numerical study on the seismic re-
sponse and performance of BRBFs. The study compiled results from the
numerical studies of Sabelli et al. [10], Iwata et al. [12] and Mayes et al.
[13].In addition, the performance of a chevron-type 4-story BRBF arche-
type was studied under the Design Basis Earthquake (DBE) and the
Maximum Considered Earthquake (MCE). The BRBF archetype was de-
signed using R = 8 and C; = 5.5, which were the values recommended
by ASCE 7 at that time. The first story columns were connected to the
columns at the basement level and this ensured a substantially rigid col-
umn base at the first story. A bolted beam splice connection was
modeled for the regions where the beams are attached to columns.
The study revealed that the performance of the BRBF archetype was ac-
ceptable and met the Life Safety performance criterion under DBE and
the Near Collapse criterion under MCE. The value of the deflection am-
plification factor (C;) was shown to provide unconservative estimates
of the inelastic lateral displacements and a Cy factor of 8 was recom-
mended for BRBFs. In addition, the method for predicting BRB maxi-
mum brace ductility demands, which also depend on the C, factor,
was found to provide unconservative estimates. A more rigorous
method was developed that takes into account various adjustment
factors.

A methodology was developed by FEMA to quantify the building
seismic response (performance) factors (FEMA P695) [14]. This meth-
odology offers a systematic way of determining the response factors
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for new structural systems and can also be used for existing systems.
Beta testing of the methodology was conducted on different lateral
load resisting systems including BRBFs [15]. The BRBF study employed
10 archetypes with two story X-brace configuration and a number of
stories varying between 2 and 16. Two seismic hazard levels were con-
sidered and the systems were designed with either ELF procedure or re-
sponse spectrum analysis (RSA). The methodology recommends using
C4 = R for new systems and this strategy was employed in the evalua-
tion process. In other words, the archetypes were designed based on
the response factors recommended by ASCE 7, except that the Cy4
value was considered to be equal to 8.0. The beam-to-column connec-
tions were considered to be rigid, and the column bases were modeled
as fixed. The collapse simulations included various aspects of behavior,
including P-A effects and the low cycle fatigue behavior of BRBs,
where each brace was assumed to have a cumulative inelastic deforma-
tion capacity of 200 times the yield deformation. The maximum amount
of brace axial strain was not included as a performance parameter. The
results revealed that all of the 10 archetypes satisfied the performance
objectives and showed that the recommended values of response fac-
tors are acceptable, provided that C; = R is utilized.

Recently, Speicher and Harris [16] evaluated six BRBF archetypes
using four analysis procedures given in ASCE 41 [17]. Several recom-
mendations were developed based on the evaluation of the results.
The authors concluded that the BRBF building probability of collapse
(given MCE) should be determined via a FEMA P695 analysis to bench-
mark the performance relative to the design intent of ASCE 7.

Past numerical studies on BRBF response factors point to various de-
ficiencies especially in the selection of the displacement amplification
factor (Cy). Most of the studies reported to date concentrated on a lim-
ited number of BRBF archetypes where the variations in the type of
BRBF, material strength, design constraints, BRB yielding length, and
column base conditions are not systematically evaluated. In this paper,
24 archetypes are designed using the response factors currently recom-
mended by ASCE 7 and evaluated using the methodology outlined in
FEMA P695 to provide an in-depth assessment of BRBF performance.
The results are presented by concentrating on the interstory drifts,
brace axial strains, and cumulative brace axial strains and by comparing
the values obtained at the design stage with the ones obtained from
non-linear time history analysis. A complementary study is undertaken
to examine the deflection amplification factor. The results of this study
are used to propose a deflection amplification factor that varies over
the height of the structure. Furthermore, the differences in deformation
demands between DBE and collapse level ground motions are explored.
A modification to AISC 341 requirements for expected brace deforma-
tions is proposed. The proposed modifications are applied to the 24 ar-
chetypes and their improvements are demonstrated.

2. Overview of the FEMA P695 methodology

The FEMA Methodology requires nonlinear collapse simulation on
the selected archetype models. Collapse simulation is conducted using
a far-field record set that consists of 22 pairs of ground motions. All 44
ground motion records must be individually applied to an archetype
in cases where a two dimensional analysis is performed. The ground
motion records are scaled twice. The first scaling is required to anchor
the median spectrum of the far-field record set to the MCE response
spectra at the fundamental period of the archetype. The second scaling
is applied successively to all far-field ground motions until 50% of the ar-
chetypes exhibit collapse. The amount of scaling that results in the col-
lapse of 50% of the archetypes is compared with a variable named the
Adjusted Collapse Margin Ratio (ACMR). The target ACMR values are
tabulated in the FEMA P695 document and depend on the total system
collapse uncertainty (Bror), and collapse probability. Two conditions
must be satisfied for acceptable performance. The average value of
ACMR for each performance group should meet the target ACMR for
10% collapse probability (ACMR; ). Furthermore, the ACMR value for

each index archetype within a performance group should meet the tar-
get ACMR for 20% collapse probability (ACMR,¢y). While a successive
scaling approach can be adopted for new structural systems, the scaling
of all ground motions using a pre-calculated scaling factor is sufficient
for the evaluation of existing systems. In the present study, individual
archetypes, rather than performance groups, were considered. The
10% probability of collapse was adopted as a criterion for ACMR (i.e.
ACMR;oy) according to Appendix F4.2 of FEMA P695 which applies to
collapse evaluation of individual buildings. The total system collapse un-
certainty (Bror) depends on various factors, such as, record-to-record
collapse uncertainty, design requirements-related collapse uncertainty,
test data-related collapse uncertainty, and modeling-related collapse
uncertainty.

3. Design and selection of archetypes

Different Seismic Design Categories (SDC) may be adopted in the
Methodology in order to represent the variations in seismic hazard. In
the present study, only one seismic design category, namely, SDC D4y
was considered, which represents the highest seismic hazard level.
Beta testing of the Methodology [15] on BRBFs showed that the re-
sponse modification coefficient is governed by the highest seismic haz-
ard level, while the overstrength factor is governed by other seismic
hazard levels such as Dy;,. According to FEMA P695, the MCE, 5%
damped, spectral response acceleration parameter at short periods ad-
justed after site class effects (Sy;s) was considered as 1.50 g, for Djpqy.
Similarly, the MCE, 5% damped, spectral response acceleration parame-
ter at a period of 1 s adjusted after site class effects (Sy;;) was taken as
090 ¢g.

Two geometrical configurations have been adopted for BRBFs where
the first one employs single diagonal braces, and the second one em-
ploys chevron type braces. Each configuration can also be subdivided
into categories. The single diagonal braces may be in the form of zigzag
bracing (ZZ bracing) or lightening bolt bracing (LB bracing) whereas the
chevron type braces may be single story chevron type or 2-story X-
braces [15]. Both the LB type single diagonal and single story chevron
type configurations were considered.

Only one type of floor plan, shown in Fig. 3, was considered. This
floor plan was originally used by Lopez and Sabelli [18] to exemplify
BRBF design. The floor plan is rectangular with side dimensions of
36 m and 22.8 m. There are four bays with single diagonal BRBFs in
the long direction of the floor plan which are indicated as BF-1 in
Fig. 3. Two bays with chevron type BRBFs are employed in the short di-
rection of the floor plan which are indicated as BF-2 in Fig. 3. Both the
BF-1 and BF-2 type frames were designed as a part of this study. All
beam-to-column connections and the column bases of the BRBF were
considered simple connections with no moment transfer, so as to
study the most critical case where the contribution from moment
frame action is eliminated. A dead load of 5 kN/m? and a live load of 2
kN/m? which are typical for steel office buildings were considered as
the loading. The story height was taken as 3.5 m for all stories except
the first story where the height was equal to 4.3 m. In order to take
into account variations in structural periods, 3, 6, and 9 story BRBFs
were considered. Typical elevation plans for single diagonal and chev-
ron type 9-story BRBFs are shown in Fig. 4.

Variations in the mechanical and geometrical properties of the BRB
core plate were taken into account. Two common types of steel grades
were considered. The core plates of BRBs were designed using A992
grade steel with a yield strength of 345 MPa, which is a common type
of structural steel used in the U.S. In addition, these plates were de-
signed using S235 grade steel with a yield strength of 235 MPa, which
is a common type of structural steel used in Europe. Previous studies
by Sabelli et al. [10] and Fahnestock et al. [11] considered yield strengths
of 248 MPa and 317 MPa respectively. The length of the yielding seg-
ment of a BRB depends on the BRB type and the required stiffness of
the brace. In the present study, two different yielding lengths were



44

Y.0. Ozkihg et al. / Journal of Constructional Steel Research 151 (2018) 41-57

36 m.
9 m. 6 m. 6 m. 6 m. 9m.
BF-1 BF-1
(D)
. || [
€
a
O
(c)
E, £|[o D o
[V [T
NS N @
(8)
€ H
[e)]
© 1] 1] i
(a) -
BF-1 BF-1 o
'_
A
o

Fig. 3. Floor plan used in the study.

considered where the length of the yielding segment is either 1/2 or 2/3
of the total length of the BRB. These proportions are typical for the BRBs
available in the market. The distance between the workpoints of beam-
column-brace intersections at each end of the brace was used to deter-
mine the total length of a BRB. The non-yielding segments of BRBs were
assumed to have an area equal to twice the area of the yielding segment.
A992 grade steel was assumed for all other members of the seismic load
resisting system.

The combinations of different numbers of stories, type of bracing,
yield strength of BRB core and the length of the yielding segment re-
sulted in 24 archetypes to be designed. Designs were carried out accord-
ing to ASCE 7 [5], AISC 341 [3], and AISC 360 [ 19]. The ELF procedure was
used and the archetypes were designed by minimizing the weight of the

© 0O ©

framing. Capacity design principles were used in design of beam and
column members. The design steps followed the procedure explained
by Lopez and Sabelli [18], including adjustment factors. A generic back-
bone curve presented by Lopez and Sabelli [ 18] was used for determin-
ing the tension and compression strength adjustment factors depending
on the level of expected brace ductility. AW16 x 50 section was used for
the beams in all stories of the archetypes. Columns and BRB core plate
sizes are given in Tables 1 and 2 for the chevron and single diagonal ar-
chetypes respectively. It should be noted that the selected column sizes
do not differ for BRBs with different plate dimensions. The design of
chevron type BRBFs is governed by the strength limit states. Owing to
their large bay width, the interstory drift limitation of 2% was satisfied
for the combination of beam, column and brace sizes, determined
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Fig. 4. Typical elevation plans for 9-story BRBFs.
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Table 1
Column and brace sizes of Chevron archetypes.

Braces (Original and Redesigned)
A992-2/3 A992-1/2 S235-2/3 S235-1/2 S235-1/2-RSA

NS S Columns

3 1 WI4x68 15x146 15x146 15x214 15x214 -
2 W14x68 15x123 15x123 15x180 15x180 -
3 WI14x38 15x905 15x90.5 15x133 15x133 -

6 1 WI4x132 25x 113 25x113 25x163 25x163 -
2 W14 x132 25x97 25x97 25x142 25x142 -
3 WI14x68 25x89 25x89 25x131 25x131 -
4 W14x68 25x79 25x79 25x116 25x116 -
5 W14x48 25x65 25x65 25x95 25x95 -
6 W14 x48 25x47 25x47 25x69 25x69 -

9 1 WI4x132 25x 112 25x 112 25x164 25x164 25x 164
2 W14 x132 25x104 25x104 25x153 25x153 25x 148
3 W14 x132 25x103 25x103 25x151 25x151 25x 137
4 W14x132 25x98 25x98 25x144 25x144 25x126
5 W14x68 25x92 25x92 25x135 25x135 25x116
6 W14 x68 25x84 25x84 25x123 25x123 25x 109
7 W14x53 25x73 25x73 25x107 25x107 25x100
8 WI14x53 25x595 25x595 25x87 25x87 25x90
9 W14 x53 25x43 25x43 25x63 25x63 25x70

NS: Number of Stories; S: Story Number, RSA: Response Spectrum Analysis.

based on strength limit states. While the same observation is true for 3-
story single diagonal BRBFs, drift limits were the controlling factor for
the 6- and 9-story single diagonal BRBFs. The brace core areas had to
be increased to meet the interstory drift limits for these frames.

The key design parameters for all of the archetypes are reported in
Tables 3 through 6. In these tables the design interstory drift ratios
and the design axial strains for the BRB members are given. The design
axial strains were calculated according to the requirements of AISC 341,
where the expected deformations are calculated based on story drift of
at least 2% of the story height or two times the design story drift, which-
ever is larger. A rigid plastic mechanism similar to the one proposed by
Tremblay et al. [20] was employed to estimate the brace axial strains
from the design story drift. In this mechanism, the beam and columns
of a story are assumed to be rigid, and the brace is the only member
that deforms. The following equation provides a geometrical relation-
ship between the elastic interstory drift angle 0, (interstory drift divided
by the story height) and the anticipated brace axial strain

Cd><05

Sy = 2 X x sinf x cosf 2)

Table 2
Column and brace sizes of single diagonal archetypes.

where 6 is the brace angle measured with respect to a horizontal axis, o
is the ratio of the yielding length of a BRB to its total length. The above
formulation is conservative in a sense because it neglects the axial
shortening and elongation effects of the columns. The static structural
analysis of a BRBF, which is used to determine 6, takes into account
the axial deformation of the columns. For the nonlinear range of behav-
ior, the effects of column shortening and elongations can be included by
conducting a nonlinear pushover analysis, or by hand calculations sim-
ilar to the one given by Bosco et al. [21].

In this paper the axial strain demands and cumulative demands are
calculated for the yielding segment of BRBs. This is in contrast to consid-
ering the total BRB axial deformation which includes the deformations
of the non-yielding segments. The two measures provide similar de-
mands as the area of the non-yielding segment becomes very large in
comparison to the area of the yielding segment.

4. Numerical modeling of archetypes and application of the
methodology

The performances of the designed archetypes were evaluated by
making use of numerical analysis. The OPENSEES [22] computational
framework was used for numerical simulations. Two-dimensional finite
element models were used to model the archetypes. The beams and col-
umns of the archetypes were modeled with nonlinear beam-column el-
ements. The yielding parts of the BRBs were modeled with nonlinear
truss elements, whereas the non-yielding parts were modeled using
nonlinear beam-column elements. In general, one of the BRBF bays
was modeled and the tributary mass was added to two of the nodes at
every story. Leaning columns carrying gravity loads were linked to the
frame to simulate P-A effects. Pin connections were modeled at the
ends of the beams to prevent any kind of moment transfer from the
beams to the columns or braces. Similarly the column bases were also
modeled as pinned bases. The hysteretic behavior of BRBs was simu-
lated using the steel02 material model which is to be found in the
OPENSEES library. The coefficients for this model were taken as b =
0.02, RO = 20, R1 = 0.925, and R2 = 0.15 based on the test results
from Bozkurt and Topkaya [23] in order to match the strength level at
2% axial deformation. According to the adopted material model the
BRB axial resistance increases by 30% due to strain hardening when it
experiences an axial strain of 2%. Zona and Dall'Asta [24] demonstrated
the significant role of isotropic hardening in modeling BRB behavior.
The steel02 material model is based on the Giuffre-Menegotto-Pinto
steel material with isotropic strain hardening. A comparison of the ex-
perimental response for Specimen 7, which has been reported by

NS S Columns Braces (Original) Braces (Redesigned)
A992-2/3 A992-1/2 S235-2/3 S235-1/2 A992-2/3 A992-1/2 S235-2/3 S235-1/2
3 1 W14 x 48 15 x 95.5 15 x95.5 15 x 142 15 x 142 15 x 155 15 x 125 15 x 155 15 x 142
2 W14 x 48 15 x 75 15 x 75 15 x 110 15x 110 15 x 120 15 x 97 15 x 120 15 x 110
3 W14 x 38 15 x 44.5 15 x 44.5 15 x 65.5 15 x 65.5 15x 72 15x 58 15%x 72 15 x 65.5
6 1 W14 x 68 25 x 95 25x83 25 x 105 25 x 105 25 x 140 25x 124 25 x 140 25x 124
2 W14 x 68 25 x 85 25 x 75 25 x 94 25 x 94 25 x 124 25 x 111 25 x 124 25 x 111
3 W14 x 53 25 x 77 25 x 67 25 x 86 25 x 86 25 x 113 25 x 101 25x 113 25 x 101
4 W14 x 53 25 x 66 25 x 58 25x73 25x73 25 x 96 25 x 86 25 x 96 25 x 86
5 W14 x 38 25 x 49 25 x 44 25 x 54.5 25 x 54.5 25 x 72 25 x 64 25 x 72 25 x 64
6 W14 x 38 25 x 27 25 x 24 25 x 30.5 25 x 30.5 25 x 40 25 x 35.5 25 x 40 25 x 35.5
9 1 W14 x 132 25 x 132 25 x 115 25 x 132 25 x 119 25 x 151 25 x 136 25 x 151 25 x 136
2 W14 x 132 25x 119 25x 104 25x 119 25 x 107 25 x 136 25 x 122 25 x 136 25 x 122
3 W14 x 132 25 x 116 25 x 102 25 x 116 25 x 105 25 x 133 25 x 119 25 x 133 25 x 119
4 W14 x 132 25 x 110 25 x 97 25 x 110 25 x99 25 x 125 25 x 113 25 x 125 25 x 113
5 W14 x 68 25x 101 25 x 88 25x 101 25 x 91 25x 115 25x 103 25x 115 25 x 103
6 W14 x 68 25 x 88 25 x 78 25 x 88 25 % 79.5 25 x 101 25 x 91 25 x 101 25 x 91
7 W14 x 53 25 x 72 25 x 64 25 x 72 25 x 65 25 x 82 25 x 74 25 x 82 25 x 74
8 W14 x 53 25 x 52 25 x 46 25 x 52 25 x 47 25 x 60.5 25 x 55 25 x 60.5 25 x 55
9 W14 x 53 25 x 28.5 25 x 25 25 x 28 25 x 25.5 25 x 34.5 25 x 31 25 x 34.5 25 x 31

NS: Number of Stories; S: Story Number.
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Table 3
Percent interstory drift ratios for Chevron archetypes.
A992-2/3 A992-1/2 S235-2/3 S235-1/2

Design Ana. Design Ana. Design Ana. Design Ana.

NS S 0] R ] R (0] R (0] R
3 1 1.10 1.76 3.90 1.01 1.61 4.63 0.80 1.27 4.29 0.73 1.17 4.52
2 1.05 147 3.06 0.96 1.34 3.57 0.77 1.07 335 0.71 0.99 3.68
3 0.81 0.97 1.47 0.74 0.89 2.10 0.58 0.69 1.54 0.53 0.63 2.01
6 1 1.10 1.76 5.02 1.01 1.62 4.60 0.82 131 4.63 0.76 122 4.73
2 1.23 1.72 4.61 1.13 1.59 429 0.93 1.30 4.25 0.86 1.20 4.26
3 1.28 1.54 3.52 1.19 143 347 0.97 1.16 3.25 0.91 1.09 337
4 1.30 1.30 2.39 1.21 1.21 2.36 1.01 1.01 2.09 0.95 0.95 224
5 1.27 1.27 1.58 1.19 1.19 1.61 1.01 1.01 1.33 0.96 0.96 147
6 1.12 1.12 1.28 0.90 0.90 1.19 0.91 0.91 0.93 0.71 0.71 0.87
9 1 1.23 1.97 5.37 1.13 1.81 4.62 0.90 1.45 4.59 0.84 1.34 4.09
2 141 1.98 443 1.32 1.84 3.79 1.09 1.52 3.77 1.02 143 3.56
3 1.53 1.84 3.49 1.44 1.72 3.03 1.21 1.46 293 1.15 1.37 2.94
4 1.63 1.63 293 1.53 1.53 2.56 1.31 1.31 2.38 1.24 1.24 2.42
5 1.68 1.68 1.94 1.58 1.58 1.99 1.37 137 1.66 130 1.30 1.84
6 1.73 1.73 1.47 1.64 1.64 1.48 1.43 143 1.29 137 1.37 1.26
7 1.73 1.73 1.23 1.64 1.64 1.21 1.45 1.45 1.13 1.39 1.39 1.10
8 1.64 1.64 1.20 1.56 1.56 1.16 1.39 139 1.10 134 134 1.04
9 1.39 1.39 1.06 1.33 1.33 0.99 1.19 1.19 0.82 1.15 1.15 0.75

NS: Number of Stories; S: Story Number, O: Original Design; R: Revised Design; Ana.: Analysis Result.

Bozkurt and Topkaya [23], and the numerical response is given in Fig. 5.
While isotropic hardening is taken into account, the adopted material
model does not simulate the higher compressive resistance of a BRB
when compared with its tensile resistance.

The total system collapse uncertainty is dependent on four factors,
three of which require judgment. These factors depend on the knowl-
edge level and modeling capabilities related to the system of interest.
BRBFs have been studied for over 15 years and have been implemented
in practice. In addition, computational models for BRBFs were also de-
veloped and the simulation of BRBF behavior can be achieved with con-
fidence. Therefore, high quality level ((A) Superior) was assigned to
design requirements-related collapse uncertainty (fpr = 0.1), test
data-related collapse uncertainty (Brp = 0.1), and modeling-related
collapse uncertainty (BmpL = 0.1). The fourth factor that needs to be
considered is the record-to-record collapse uncertainty (Brrg) Which
depends on the period-based ductility (pr). The pr values were deter-
mined by conducting a nonlinear static (pushover) analysis in accor-
dance with ASCE 41 and are reported in Table 7. The following

expressions which are given in FEMA P695 were used to calculate
Prrr and Bror.

Brr = 0.1+ 0.1 x ;0.4 3)

Bror = \/ Brir + B + B m + B vt 4)

The ACMR;py values were determined according to Table 7-3 of
FEMA P695, by using the total system collapse uncertainty (Rror). Nor-
mally the record set needs to be scaled until 50% of the records cause the
collapse of an archetype. The methodology was modified to a certain ex-
tent in the present study. The archetypes were subjected to collapse
level ground motions by considering the target ACMR; ¢y value. The scal-
ing to be applied to the ground motion set was determined by consider-
ing two scaling factors SF;, and SF», which are reported in Table 7. The
response spectra for the 44 ground motions are presented in Fig. 6. Ac-
cording to the methodology the records have to be scaled first by a

Table 4
Percent brace axial strains and ductility demands for Chevron archetypes.
A992-2/3 A992-1/2 S235-2/3 S235-1/2
Design Analysis Design Analysis Design Analysis Design Analysis
NS S 0] R ST D (o] R ST D 0] R ST D (0] R ST D
3 1 1.7 4.0 2.8 16 2.0 4.9 44 25 1.5 29 3.1 27 2.0 3.5 44 37
2 1.5 32 2.1 12 1.9 3.9 3.8 22 1.5 23 23 20 1.9 2.9 39 33
3 1.5 22 1.0 6 1.9 29 2.2 12 1.5 22 1.0 9 1.9 29 2.1 17
6 1 1.7 4.0 3.6 21 2.0 4.9 43 25 1.5 3.0 33 28 2.0 3.6 4.5 38
2 1.8 3.8 32 18 22 4.6 4.6 27 15 2.8 3.0 25 1.9 35 4.5 38
3 1.9 34 24 14 23 4.2 3.6 21 1.5 2.6 22 19 1.9 32 35 30
4 1.9 2.8 1.6 9 24 3.5 24 14 1.5 2.2 1.4 12 19 29 23 19
5 1.9 22 1.0 6 23 35 1.5 9 1.5 22 0.8 7 1.9 2.9 14 12
6 1.6 2.2 0.8 5 1.9 2.9 1.1 6 1.5 22 0.6 5 1.9 2.9 0.8 7
9 1 1.9 4.5 4.0 23 23 5.4 4.5 26 1.5 33 34 29 2.0 4.0 3.9 33
2 2.1 43 3.1 18 2.6 5.4 4.0 23 1.6 33 2.6 22 2.0 42 3.7 32
3 22 4.0 24 14 2.8 5.0 3.1 18 1.8 32 2.0 17 2.2 4.0 3.0 25
4 2.4 3.6 1.9 11 3.0 4.5 2.5 15 1.9 29 1.6 13 24 3.6 24 20
5 2.4 3.7 13 7 3.1 4.6 2.0 12 2.0 3.0 1.1 9 25 3.8 1.7 14
6 2.5 3.8 0.9 5 32 4.8 13 8 2.1 3.1 0.8 7 2.7 4.0 1.1 9
7 2.5 3.8 0.7 4 32 4.8 1.0 6 2.1 32 0.6 5 2.7 4.0 0.9 8
8 2.4 3.6 0.7 4 3.0 4.6 1.0 6 2.0 3.0 0.6 5 2.6 3.9 0.8 7
9 2.0 3.0 0.6 4 2.6 3.9 0.8 5 1.7 2.6 0.5 4 22 34 0.5 5

NS: Number of Stories; S: Story Number, O: Original Design; R: Revised Design; ST: Percent Strain; D: Ductility Demand.
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Table 5
Percent interstory drift ratios for single diagonal archetypes.
A992-2/3 A992-1/2 S235-2/3 S235-1/2

Design Ana. Design Ana. Design Ana. Design Ana.

NS S 0] R 0] R (o] R 0 R
1 1.62 1.74 5.42 1.48 1.90 5.06 1.16 1.74 4.54 1.07 1.56 4.68
2 1.91 2.00 4.62 1.76 2.00 4.59 145 2.00 422 1.33 1.84 4.14
3 1.89 1.67 5.21 1.75 1.70 5.14 1.38 1.67 4.45 1.30 1.53 4.56
6 1 1.37 1.93 491 141 1.95 492 1.28 193 5.69 1.18 1.95 461
2 1.78 1.99 5.03 1.81 2.00 493 1.67 1.99 5.14 1.57 2.00 4.24
3 1.93 1.87 3.97 1.97 1.88 3.74 1.81 1.87 3.79 1.71 1.88 3.36
4 1.97 1.59 2.79 2.00 1.60 2.84 1.87 1.59 2.76 1.76 1.60 2.64
5 1.99 1.59 244 2.00 1.61 2.32 1.87 1.59 243 1.78 1.61 2.19
6 1.94 1.53 2.71 1.96 1.54 2.62 1.81 1.53 238 1.72 1.54 2.30
9 1 1.29 1.90 3.68 1.32 1.90 3.82 1.29 1.90 4.45 1.30 1.90 4.42
2 1.53 1.99 3.26 1.56 1.99 3.40 1.53 1.99 4.05 153 1.99 4.14
3 1.67 1.86 297 1.69 1.87 2.87 1.67 1.86 3.53 1.66 1.87 3.59
4 1.75 1.64 2.46 1.77 1.64 2.56 1.75 1.64 3.07 1.75 1.64 3.18
5 1.88 1.77 1.96 1.91 1.78 2.19 1.88 1.77 229 1.88 1.78 2.34
6 1.95 1.84 1.85 1.97 1.84 1.90 1.95 1.84 1.72 1.95 1.84 1.86
7 1.99 1.88 1.99 2.00 1.87 1.84 1.99 1.88 1.58 1.99 1.87 1.64
8 1.96 1.83 2.46 1.98 1.82 2.15 1.96 1.83 1.87 1.96 1.82 1.73
9 1.89 1.74 3.09 1.92 1.74 2.65 1.90 1.74 224 1.90 1.74 2.06

NS: Number of Stories; S: Story Number, O: Original Design; R: Revised Design; Ana.: Analysis Result.

factor SF;, which anchors the spectral acceleration of the median of the
records to the design spectrum at the fundamental period of the struc-
ture. These scale factors are provided in the Appendix of the FEMA
P695 document. The fundamental period of vibration is determined by
multiplying the lower bound period, determined according to ASCE 7,
with the coefficient C, = 1.4. These approximate periods are reported
in Table 7, alongside the fundamental periods calculated from eigen-
value analysis. The scaling of the records to anchor to the design spec-
trum is demonstrated in Fig. 7 for archetype #5, which is a 6 story
chevron braced frame with A992 braces and having a yielding length
ratio of 1/2. For this archetype, the fundamental period to be used in de-
sign was determined as 1.03 s. For this period, the unscaled acceleration
spectra has an ordinate of 0.337 g. According to FEMA P695, the ground
motion set should be scaled by SF; = 2.57 to anchor the ordinate to
0.866 g which corresponds to the MCE level seismic input. The method-
ology defines the Collapse Margin Ratio (CMR) as the ratio between the
median collapse intensity and the MCE intensity. In order to take into
account the frequency content (spectral shape) of the ground motion

set, the CMR is modified by a Spectral Shape Factor (SSF), which depends
on the fundamental period and . The SSF value for each archetype is
given in Table 7. The second scaling factor (SF,), which is equal to
CMR, is determined by using the following relationship

ACMR]O%

SF2 = CMR =~ (5)

For the archetype #5 the SSF and ACMR; ¢y were determined as 1.34
and 1.746 respectively. By using Eq. (5), the CMR value which represents
the second scaling (SF>) to be applied is determined as 1.30. As shown in
Fig. 7, the record set has be scaled by a factor SF=SF; x SF, = 2.57 x 1.30
= 3.34 for collapse level ground motion simulations. This scaling results
in a spectral acceleration of 1.126 g at the fundamental period of the
structure.

The archetypes were subjected to 44 ground motion records and the
records were scaled by the scaling factors (SF) listed in Table 7. A 2%

Table 6
Percent brace axial strains and ductility demands for single diagonal archetypes.
A992-2/3 A992-1/2 S235-2/3 S235-1/2
Design Analysis Design Analysis Design Analysis Design Analysis

NS S 0 R ST D 0] R ST D (o] R ST D 0 R ST D
1 23 3.7 3.8 22 2.8 5.4 4.6 27 1.7 3.7 32 27 2.0 4.4 43 37
2 2.5 39 2.9 17 3.1 52 3.8 22 1.9 39 2.6 22 23 4.8 34 29
3 2.5 33 33 19 3.0 4.5 4.2 25 1.8 33 2.8 24 2.3 4.0 3.8 32

6 1 20 4.1 34 20 2.7 5.6 4.5 26 1.8 4.1 4.0 34 2.2 5.6 4.2 36
2 2.3 39 3.1 18 32 52 4.0 23 2.2 39 32 27 2.7 5.2 34 29
3 2.5 3.7 2.4 14 34 49 3.1 18 24 3.7 2.3 20 3.0 49 2.7 23
4 2.6 3.1 1.6 9 35 4.2 2.2 12 24 3.1 1.6 14 3.1 4.2 2.1 17
5 2.6 3.1 14 8 35 4.2 1.8 10 2.4 3.1 14 12 3.1 4.2 1.6 14
6 2.5 3.0 1.6 9 34 4.0 2.0 12 2.4 3.0 14 12 3.0 4.0 1.8 15

9 1 1.7 4.1 2.5 15 2.7 5.4 35 20 1.9 4.1 3.1 26 2.6 5.4 4.1 35
2 19 39 19 11 3.0 52 2.7 15 22 39 25 21 3.0 5.2 34 29
3 2.1 3.6 1.7 10 33 49 22 13 2.4 3.6 2.1 18 32 49 29 25
4 2.2 32 14 8 34 43 19 11 2.5 32 1.8 16 34 43 2.5 21
5 24 3.5 1.1 6 3.7 4.7 1.5 9 2.7 3.5 14 12 3.7 4.7 1.7 15
6 2.5 3.6 0.9 5 3.8 4.8 13 7 2.8 3.6 0.9 8 3.8 4.8 14 12
7 2.6 3.7 1.0 6 39 49 1.2 7 29 3.7 0.9 7 39 49 1.2 10
8 2.6 3.6 14 8 3.8 4.8 1.6 9 29 3.6 1.1 9 3.8 4.8 13 11
9 2.6 34 1.9 11 3.7 4.6 2.1 12 2.8 34 13 11 3.7 4.6 1.6 13

NS: Number of Stories; S: Story Number, O: Original Design; R: Revised Design; ST: Percent Strain; D: Ductility Demand.
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Fig. 5. Comparison of experimental and numerical responses of BRBs.

mass and stiffness proportional damping was used in the time history
analysis for all vibration modes.

5. Evaluation of response factors

The methodology enables one to use non-simulated collapse models
for collapse failure modes that cannot be modeled explicitly. Non-
simulated collapse modes can be indirectly evaluated using alternative
limit state checks on structural response quantities measured in the
analysis. Buckling-restrained braces generally exhibit stable behavior
followed by fracture as shown in Fig. 5. Fracture in steel members is dif-
ficult to simulate and the methodology allows for non-simulated col-
lapse models where fracture in members is expected. Brace fracture
results in a story-mechanism which can trigger collapse. The response
of a frame after brace fracture depends on many factors including, but
not limited to, the strength of non-structural elements and the redun-
dancy of the system. Three non-simulated collapse models were consid-
ered, namely, the interstory drift ratio, the brace axial strain (ductility

demand), and the cumulative axial strain. According to FEMA P695, me-
dian values of these response quantities were calculated at the collapse
level seismic input and were considered in the evaluation process. The
results from the time history analysis are presented separately in the
following sections.

5.1. Interstory drift ratio

The median interstory drift ratios under collapse level ground
motions are given in Tables 3 and 5. This response parameter was exam-
ined in detail to assess whether or not a story type of collapse mecha-
nism occurs. The behavior of beam-columns under axial load and the
inelastic rotation demand resulting from story drift is an active research
field [25,26]. Experimental studies have shown that the interstory drift
capacity of columns depends on many factors such as the axial load
level, the local slenderness of the web or flange, and the global slender-
ness. W14 sections that are typically employed in BRBFs were found to
have interstory drift capacities that range between 7%-9% [25] under an
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Table 7
Archetype properties and scaling factors.

AN B NS YS YL T TC SF, L PrTr Pror ACMR SSF CMR (SF>) SF

1 C 3 345 2/3 0.63 0.75 2.46 534 0.400 0.436 1.746 1.29 1.36 3.35
2 C 6 345 2/3 1.03 1.32 2.57 3.89 0.400 0.436 1.746 131 134 344
3 C 9 345 2/3 136 2.03 2.51 3.07 0.400 0.436 1.746 131 133 3.34
4 C 3 345 1/2 0.63 0.71 2.46 5.76 0.400 0.436 1.746 130 135 331
5 C 6 345 1/2 1.03 1.26 2.57 439 0.400 0.436 1.746 134 1.30 334
6 C 9 345 1/2 1.36 1.96 2,51 2.76 0.376 0414 1.698 1.29 132 3.31
7 C 3 235 2/3 0.63 0.64 2.46 6.50 0.400 0.436 1.746 132 132 3.25
8 C 6 235 2/3 1.03 1.15 2.57 4.52 0.400 0.436 1.746 133 131 337
9 C 9 235 2/3 1.36 1.80 2,51 2.85 0.385 0.422 1.714 1.29 132 332
10 C 3 235 1/2 0.63 0.61 2.46 434 0.400 0.436 1.746 1.25 1.39 343
11 C 6 235 1/2 1.03 1.11 2.57 3.26 0.400 0.436 1.746 1.27 1.37 3.54
12 C 9 235 1/2 1.36 1.75 2,51 2.70 0.370 0.409 1.688 1.28 132 3.31
13 S 3 345 2/3 0.63 0.99 2.46 7.41 0.400 0.436 1.746 1.35 1.29 3.18
14 S 6 345 2/3 1.03 1.60 2.57 427 0.400 0.436 1.746 132 1.32 3.40
15 S 9 345 2/3 1.36 2.14 2.51 317 0.400 0.436 1.746 132 1.32 332
16 S 3 345 1/2 0.63 0.95 2.46 6.13 0.400 0.436 1.746 131 133 3.28
17 S 6 345 1/2 1.03 1.61 2.57 3.96 0.400 0.436 1.746 131 1.34 3.44
18 S 9 345 1/2 1.36 2.15 2.51 3.00 0.400 0.436 1.746 131 1.34 3.35
19 S 3 235 2/3 0.63 0.85 2.46 7.70 0.400 0.436 1.746 1.35 1.30 3.19
20 S 6 235 2/3 1.03 1.55 2.57 3.06 0.400 0.436 1.746 1.26 1.39 3.57
21 S 9 235 2/3 1.36 2.14 2.51 3.21 0.400 0.436 1.746 132 132 3.31
22 S 3 235 1/2 0.63 0.82 2.46 6.03 0.400 0.436 1.746 131 133 3.27
23 S 6 235 1/2 1.03 1.50 2.57 3.98 0.400 0.436 1.746 131 133 343
24 S 9 235 1/2 1.36 2.14 2.51 3.14 0.400 0.436 1.746 131 1.33 3.34

AN: archetype number, B: type of bracing C: chevron, S: single diagonal, NS: number of story, YS: yield strength in MPa, YL: yielding length ratio, T: fundamental period used in design, TC:
calculated fundamental period, SF;: First scaling factor for anchoring far-field record set to MCE spectral demand, py: period-based ductility of an index archetype model, Brr: record-to-
record collapse uncertainty, Pror: total system collapse uncertainty, ACMR: Adjusted collapse margin ratio, SSF: Spectral shape factor, CMR: Collapse margin ratio, SF: Scaling factor.

axial load of 75% of the nominal yield strength. The specimens had slen-
derness ratios (Ly/ry) that range between 42.2 and 47.9. W24 sections
that are typically employed in moment resisting frame columns were
found to have interstory drift capacities that are as low as 1% [26].
These specimens had slenderness ratios that vary between 71 and
161. In the beta testing of the methodology, an interstory drift capacity
of 10% was selected for the non-simulated failure criteria of the columns
based on the work of Newell and Uang [25]. Fahnestock et al. [11] con-
sidered a maximum interstory drift of 4% for the Near Collapse perfor-
mance level.

The analysis results showed that the maximum interstory drift ratios
are 5.37 and 5.69 for the chevron and single diagonal archetypes respec-
tively. In general, most of the median interstory drifts, reported in
Tables 3 and 5, stayed below 5%. The experimental study of Newell
and Uang [25] demonstrated that the W14 sections used in the columns
of the archetypes are capable of resisting the high axial loads under an
interstory drift of 5% without any degradation in strength. The results
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Fig. 6. Far-field record set response spectra.

indicate that current response factors provide an adequate margin of
safety against collapse when the interstory drift is considered as a
criterion.

According to AISC 341, the deformation capacity of a BRB should be
determined based on the maximum inelastic drift of a story. When the
linear analysis method is employed, the maximum inelastic drift is de-
fined as twice the design story drift. The commentary to AISC 341 states
that for nonlinear time history analyses, the maximum inelastic drifts
can be taken directly from the analysis results without any need for am-
plification. The value of two times the design story drift for expected
brace deformations represents the mean of the maximum story re-
sponse for ground motions having a 10% chance of exceedance in
50 years (i.e. the DBE level) [10]. Near-field ground motions, as well as
stronger ground motions, can impose deformation demands on braces
larger than those required by the AISC 341 provisions.

The interstory drift demands for collapse level earthquakes are com-
pared with the interstory drifts calculated at the design stage. In order to

—— SDC Dmax
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Fig. 7. Scaling of the far-field record set for archetype #5.
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make a fair comparison, the median interstory drifts obtained from time
history analyses are normalized by two times the design interstory
drift and have been depicted in Fig. 8 for all the archetypes. The idea
here is to document the level of increase in the interstory drift de-
mands when collapse level ground motions are considered rather
than just the DBE level events. Fahnestock et al. [11] recommended
two factors namely C, = 1.7 and C, = 1.3 to calculate the maximum
brace axial strains from the design interstory drift. Cy, is an earthquake
hazard level adjustment factor relating the MCE-level response to the
DBE-level response. C, is an evaluation level adjustment factor relating
the mean plus standard deviation response to the mean response. The
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combined effect of C, and C, (i.e. C, x C.) is an amplification of the
design story drift by a factor of 2.21. It should be noted that C; =
R is utilized in the method proposed by Fahnestock et al. [11]. Con-
sidering two times the design story drift is equivalent to using Cy4
= 2 x 5 = 10 in predicting the mean inelastic story drifts for the
DBE-level. According to Fig. 8, the ratios of drifts are not constant
but rather vary over the height. It is observed that significant
amounts of differences are obtained for lower stories where the ra-
tios exceed 3.0. When C; = 10 is considered, the amplification fac-
tor of 2.21 recommended by Fahnestock et al. [11] is modified to
1.77 (2.21 x R/Cq4 = 2.21 x 8/10). The results given in Fig. 8
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Fig. 8. Normalized interstory drift for all archetypes.
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Fig. 9. Normalized brace axial strain for all archetypes.

indicate that the collapse level earthquake produces even higher
inelastic interstory drift demands than would be expected for the
mean plus standard deviation response obtained at the MCE-level
(i.e. comparing 3.0 with 1.77).

5.2. BRB axial strain and ductility demand

The axial strains calculated at the design stage and the median of the
axial strains obtained from time history analyses are reported in
Tables 4 and 6, for the chevron and single diagonal frames respectively.
In these tables the ductility demands in BRBs corresponding to collapse

level ground motions are also given. The maximum strain demands vary
between 4%-4.6% for most of the archetypes. These strains correspond
to an axial deformation ductility of 26 and 38 times the yield deforma-
tion for A992 and S235 cores respectively. Fahnestock et al. [11] consid-
ered an axial deformation ductility of 25 for the Near Collapse
performance level. Both these ductility values exceed the limit consid-
ered by Fahnestock et al. [11].

The axial strain (ductility) demand is the most critical parameter
in the design of a BRB. The clearance provided between the core and
the buckling restraining mechanism directly depends on the strain
level to be accommodated. If a lower clearance is provided, the BRB
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Fig. 10. Rainflow counting to determine cumulative brace axial strain.

core cannot freely move and can come into contact with the buckling
restraining mechanism, resulting in the development of excessive
axial compressive forces. The unexpected large compression force
may cause buckling or connection failure. Furthermore, qualification
testing of BRB members is conducted based on the axial strain de-
mand. Most of the BRBs used in practical applications were tested
under 2.5% maximum axial strain (ductility ratio of 15) [27]. Recent
research papers demonstrate that BRBs with axial strain capacities of
the order of 3%-3.5% can be developed [28,29]. The amount of clear-
ance depends on the brace manufacturer. Because the braces are re-
quired to be tested under the calculated axial strain demands,
providing a larger clearance than would be required is left to the man-
ufacturers' judgment. In cases where the provided clearances are close
to the calculated demands, large forces in BRB members can develop
under compressive actions. In addition, even if a larger clearance is
provided, current designs do not guarantee brace axial strain capaci-
ties of the order of 4.5%.

The median axial strains from time history analysis were normalized
by the design axial strains and the ratios are shown in Fig. 9. The results
indicate that the ratios can exceed 2.0 and can reach up to 2.25. An un-
derestimation of the BRB axial strain demands has a paramount influ-
ence on the BRBF performance as explained earlier. The evaluation of
BRB axial strains showed a potential weakness in the design process,
which is directly attributable to the selection of response factors and
to the level of seismic events considered. The low level of axial strain de-
mands is a result of under-estimating the story displacements at the de-
sign stage. A potential remedy for this problem is presented in the
following sections of the paper.

5.3. BRB cumulative axial strain

While the maximum amount of axial strain is important in order to
assess the adequacy of a BRB member, the cumulative axial strains
should also be investigated. A brace may experience many cycles of
axial strains with lower amplitude and this can result in fracture of
the brace due to low cycle fatigue. For this purpose, the axial strain his-
tories under 44 ground motions were extracted from the results of time
history analyses. The cumulative amount of axial strain was calculated
using the rainflow counting procedure and the cumulative axial strain
was expressed in terms of the yield strain. A representative calculation
for the cumulative axial strain is given in Fig. 10 for the first story
brace of a 9-story chevron archetype with A992 core plates with a yield-
ing length of 1/2 of the total length. In Fig. 10 the axial strain history of
this brace under ground motion record CAPEMEND/RIO270 is pre-
sented. This record is processed using the rainflow counting procedure
to convert the time history response to ordered cycles as shown in
Fig. 10. The cumulative axial strain is calculated by summing the ampli-
tudes of the ordered cycles for cycle amplitudes greater than the yield
strain. In this particular example the brace member is subjected to a
maximum axial strain equal to of 27 times the yield strain. The cumula-
tive strain is calculated as 198 times the yield strain from the ordered
cycles.

The medians of cumulative axial strain demands were normalized
by the codified demand of 200 and are reported in Fig. 11 for all arche-
types. According to this figure, the ratios mostly stayed below unity in-
dicating that no brace fractures are expected under collapse level. The
findings are in line with those available from previous studies.
Fahnestock et al. [11] and Sabelli et al. [10] reported cumulative axial
strains that are 179 and 139 times the yield strains respectively consid-
ering mean of the MCE level events. These values modify to 391 and 185
when the mean plus one standard deviation is considered.

The 200 limit was exceeded in some of the archetypes where cumu-
lative strains of the order of 240 to 300 are reported. Most of the exper-
iments conducted on BRBs [27] demonstrated cumulative axial strain
capacities greater than 300. Therefore, the response factors provide ac-
ceptable designs when complemented with the cumulative axial strain
limit of 200.

6. Proposed modifications

Two modifications were developed to estimate the axial strain de-
mand of BRB members under collapse level ground motions. The first
of these is a modification of the displacement amplification factor,
which would provide more accurate interstory displacement for DBE
level response. The second is a modification of the recommendations
for the expected deformations of a BRB given in AISC 341. This modifica-
tion takes into account the differences in demands between the DBE
level and collapse level ground motions.

6.1. Modification of the displacement amplification factor

The results presented in the previous section have demonstrated
that current values of response factors can result in underestimation
of the BRB axial strain demands. This is due to an underestimation of
the interstory drifts which are directly influenced by the deflection am-
plification factor. According to Newmark's equal displacement rule the
deflection amplification factor should be equal to the response modifi-
cation coefficient (C; = R) [30]. Uang and Maarouf [31] demonstrated
that C4 values used in the specifications can result in unconservative es-
timates of lateral displacements. A complementary study was under-
taken to study the deflection amplification factor for BRBFs. Pursuant
to this goal, four 9-story archetypes were considered. These archetypes
were analyzed under DBE level ground motions. For each of the 44
ground motions two separate analyses were conducted. In the first anal-
ysis, the frame was modeled to exhibit elastic behavior. In the second
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Fig. 11. Normalized cumulative brace axial strain for all archetypes.

analysis, the inelastic behavior of the frame is taken into account. The
maximum lateral deflections of the frames at every story were recorded
and the median value under the 44 ground motions was calculated.
The analysis results are presented in Fig. 12 in normalized form. The
story drift obtained from inelastic time history analysis was normalized
by the design story drift and also by the story drift obtained from linear
time history analysis. The first of these ratios provides the deflection
amplification factor (C;) whereas the second of these ratios can be
used to extend Newmark's equal displacement rule to multi-degree of
freedom BRBFs. The analysis results shown in Fig. 12 indicate that the
drifts accumulate in the first three stories. The accumulation of drifts

was responsible for observing very high brace axial strains, as explored
in earlier parts of the paper. In the first story, the C; value went up to 11
for the chevron type BRBF employing braces with a yield strength of
235 MPa and having a yielding length equal to 1/2 of the total brace
length. Furthermore, marked differences were observed between the
chevron type and single diagonal type BRBFs. The chevron type bracing
system accumulated more drift at the lower stories when compared
with the single diagonal bracing system. The ratios of the inelastic
drift to elastic drift also show a variation over the height. Normally,
the ratios of these drifts are expected to be close to unity according to
Newmark's equal displacement rule. However, the analysis results
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indicate that the inelastic drifts can be more than 60% of the elastic drifts
for the lower stories. For the 9th story, the ratios vary between 0.6 and
0.7 depending on the archetype.

The analysis results show that considering a constant value of C; de-
termined based on the value at the lowest story may lead to over-design
of the BRBF systems. The reported C, values for the 9th story frames vary
between 3.11 and 3.73. This indicates that the current value of C; can be
adopted for the upper stories while some corrective measures should be
applied to the lower stories. The following C, profile which is indicated
in Fig. 12 was proposed to remedy the problem:

9—i

Cqy=5¢; where ¢; = 5 >1.0

(6)

where i: ith story. The proposed modification was similar in concept
to a proposal for deflection amplification factor for eccentrically
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Fig. 13. Ratios of story drifts from collapse level and DBE level ground motions.

braced frames [32,33]. According to Eq. (6) the proposed deflection
amplification is equal to the response modification coefficient value
of 8.0 at the lowest story. The C; value gradually decreases to 5.0 at
the fourth story and stays constant afterwards. Eq. (6) was developed
by considering 9 story BRBFs. For taller frames it is recommended to
use this equation for the first 9 stories and C; = 5 for stories above
the 9th story.

6.2. Modification to recommendations of AISC 341

The BRB axial strains can be more accurately determined from
interstory drifts by adopting Eq. (6). This evaluation, however, will pro-
vide axial strains expected to be produced under DBE level ground mo-
tions. The collapse level axial strains can be estimated by amplifying the
demands for the DBE level. The required amplification is presented in
Fig. 13 where for the 9 story BRBFs the ratios of the story drifts for col-
lapse level to DBE level are plotted. The results show that the lateral
drifts increase by 1.7 to 2.7 times when collapse level ground motions
are considered as opposed to the DBE ground motions.

The modification to the deflection amplification factor eliminates the
need to amplify the story drift by 2 times in order to estimate the inelas-
tic response of the system. A more rational distribution of C, helps the
estimation of the interstory drifts at DBE level events. The recommenda-
tions of AISC341 can be modified to estimate the brace axial strains
under collapse level ground motions. A conservative upper bound of
3.0 can be considered as that ratio of lateral drifts according to Fig. 13.
This upper bound provides conservative estimates for the upper stories.
In short, it is recommended that the axial strains determined consider-
ing DBE ground motions be amplified by 3.0 to estimate the mean
axial strains under collapse level ground motions. Based on the proposed
modifications, the brace axial strains should be estimated as follows:

Cd><0

&y =3 % o % sinf x cosf

)

7. Evaluation of the proposed modifications

The 24 archetype models were reconsidered in order to evaluate the
acceptability of the proposed modifications. In the light of the C, profile
given in Eq. (6), all archetypes were redesigned. The proposed C, profile
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Fig. 14. Normalized brace axial strain for redesigned archetypes.

resulted in changes in member sizes for the single diagonal BRBFs,
whereas no changes in member sizes were required for the chevron
BRBFs. Because most of the single diagonal BRBF designs were governed
by drift limitations, an increase in the Cy; factor for the lower stories re-
quired brace member sizes to be updated for these systems. The
redesigned brace sizes are indicated in Table 2. Note that the column
and beam sizes remained the same after the redesign process. For the
chevron type BRBFs, the original designs were governed by strength
limit states, and increasing the C, value for the lower stories did not re-
sult in a change in the member sizes, and hence the same member sizes
were adopted.

Although the member sizes did not change for some of the
frames, the design interstory drift and design brace axial strain
values were updated according to a change in the C, profile and
an increase in the amplification for brace strains from 2.0 to 3.0.
The updated values are indicated in Tables 3 through 6. The in-
creased value of C; at the lower stories and the increase in the
amount of strain amplification resulted in higher brace axial strain
demands, although the brace size remained the same. These would
enable a much more accurate determination of the demands, such
that the BRB member can be manufactured to accommodate these
higher demands. The revised designs required a new set of inelastic
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time history analyses to be conducted for evaluation purposes. This
new set, however, only included the single diagonal archetypes be-
cause the brace members of these frames were changed. The
interstory drift ratios and brace axial strains from these new set
of analyses are not reported in tabular format but normalized
values of the brace axial strain are presented in Fig. 14. According
to this figure, the proposed modifications significantly enhance
the estimated axial strains. The brace axial strain ratios stayed
below unity indicating that the proposed modifications are ade-
quate. There are cases in which the ratios exceed unity. These are
particular to cases with the chevron type of bracing having
235 MPa of yield strength. The differences become more pro-
nounced as the yielding length of the BRB gets shorter.

It should be emphasized that the proposed modifications do not re-
sult in significant changes in member sizes. In some cases, such as the
chevron bracing archetypes, the proposed modification had an impact
on the response quantities estimated at the design stage without having
any impact on the member sizes. Therefore, the proposed modifications
are not expected to significantly increase the weight and cost of a BRBF.
On the other hand, for BRBF systems that are governed by drift limita-
tions, adopting a single valued C, such as 8.0 would negatively affect
the cost of the framing, due to the difficulty associated with meeting
the drift limits at the upper stories.

8. Limitations of the study and future research needs

The archetypes considered in this study were modeled to have
pinned beam-to-column connections and pinned column bases. These
assumptions were adopted so as to consider the worst case scenario,
where the moment resistances of the beams and columns are not con-
sidered. In addition, the study was limited to the archetypes that were
designed based on the ELF procedure. In certain taller (e.g., 12-, and
16-story) configurations, the use of the ELF procedure was found to re-
sult in a design that was overly conservative during beta testing of the
methodology [15]. In these cases, the RSA procedure was used to
avoid a conservative bias in the results. The archetypes designed
based on the ELF and RSA procedures are expected to be similar, be-
cause the maximum story number was limited to 9 in the present study.

A limited number of analyses were conducted to investigate the im-
pact of the assumptions used in this study. For this purpose the 9 story
Chevron archetype with S235 core plates having a yielding length equal
to 1/2 of the total length was considered. This archetype was redesigned
using the RSA procedure and the member sizes are reported in Table 1.
Comparing the member sizes of the two frames, it may be concluded
that both the ELF and RSA procedures result in identical column sizes
and similar brace sizes. Two additional frames were analyzed under col-
lapse level ground motions. One of these frames is the one that employ
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pinned connections but was designed according to the RSA procedure.
The second one employs moment-resisting beam-to-column connec-
tions and fixed column bases, and this was designed according to the
ELF procedure. The responses of the 3 frames are compared in Fig. 15
where interstory drift, brace axial strain and cumulative brace axial
strain are reported. The results show that the two frames designed
based on ELF or RSA procedures provide very similar responses. The
use of moment resisting connections and fixed column bases has a
greater impact on the results. While the general trends are similar, the
interstory drift and brace axial strain are reduced in the first story, due
to the fixity provided in the column bases. The reduction in response
quantities is about 10% for the first story.

Future research should consider taller frames designed using the
RSA procedure to extend the findings of this study. Different bracing
configurations also need attention. Beta testing of the Methodology out-
lines possible performance groups to be considered for a complete as-
sessment of the response factors used for BRBFs.

9. Conclusions

A numerical study on seismic response factors for BRBFs has been
presented. Twenty-four BRBF archetypes were designed according to
the U.S. provisions using the current values of response factors recom-
mended in ASCE 7. The FEMA P695 methodology was adopted for the
evaluation process. Interstory drift ratio, brace axial strain and cumula-
tive brace axial strain were used as performance metrics. The results
showed that most of the frames performed satisfactorily when
interstory drift and cumulative axial strains were considered. In general,
the interstory drifts stayed below 5%, and the cumulative axial strains
stayed below 200 times the yield strain, where these values can easily
be accommodated by BRBFs. On the other hand, marked differences be-
tween the design axial strain and the axial strain demand for collapse
level ground motions were reported. For most of the archetypes the
axial strain demand was more than 2 times the axial strain capacity of
the BRB. The differences are attributed to the underestimation of
interstory drifts at the design stage and the differences between the de-
mands produced by collapse level and DBE ground motions.

A complementary study was conducted to investigate the deflection
amplification for BRBFs. The results revealed that the amplification of
deflections is non-uniform over the height of the building. The inelastic
drifts were found to accumulate in the lower stories and the value of the
deflection amplification factor (Cy) exceeded the current value of 5.0,
which is recommended in the ASCE 7 standard. A C, profile that varies
over the height of the building was proposed which enables cost opti-
mized solutions when compared with the use of a single valued deflec-
tion amplification factor.

The differences between the story drift demands produced due to
collapse level and DBE ground motions were studied using time history
analysis. The results showed that the story drifts amplify the DBE level
by 1.7 to 2.7 times when collapse level ground motions are considered.
A modification to the AISC 341 requirements for expected brace defor-
mations was proposed which requires amplifying the DBE level de-
mands by 3 times.

The proposed modifications to the C, factor were applied to the ar-
chetype frames, which resulted in changes in member sizes for single
diagonal type BRBFs but no change in member sizes for the chevron
type BRBFs. The same performance metrics were considered for the
redesigned frames and the results indicate that the proposed modifica-
tions to the deflection amplification factor and expected brace deforma-
tions provide acceptable solutions. The brace axial strains obtained at
the design stage and the demands from collapse level ground motions
are comparable. This would ensure proper design and manufacture of
the BRBs to accommodate the brace axial strain demands.
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