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INTRODUCTION

ABSTRACT

Eccentrically braced framing (EBF) systems have been in use for the past few decades, howev-
er, there seems to be little consensus on the amount of ductility capacity available in the EBF
system, among code committees of different countries. This is reflected in the variation in the
response reduction factors specified for EBF systems in different national design codes. Indian
design code specifies a response reduction factor of 5 for EBF systems. Whether this much
reduction in the design earthquake forces gives intended performance for the buildings with
EBF system, needs to be verified. In the present study, an attempt has been made to verify the
adequacy of the response reduction factor given in the Indian code for EBF buildings using
the procedure given in FEMA P695. Adequacy is checked for 5 storey archetypes of EBF sys-
tem having built-up sections and Indian Standard rolled steel sections as link members. The
building models have been subjected to Incremental Dynamic Analysis (IDA) using a suite
of 22 ground motions given in FEMA P695 to obtain the collapse margin ratio. The obtained
collapse margin ratio has been adjusted for spectral shape correction and then checked against
the acceptable value of collapse margin ratio given in FEMA P695 to verify the adequacy of the
Response reduction factor used in the design.

Cite this article as: Khan NA, Bilal A. Seismic performance evaluation of eccentrically braced
steel frame buildings. Sigma J Eng Nat Sci 2023;41(6):1121-1131.

strength requirement during service loading conditions

as well as ductility requirements during a seismic hazard.

The use of steel as a construction material is increas-
ing day by day facilitating the fabrication of structures with
thinner sections and increased durability [1]. Steel has
been particularly useful in the design of earthquake-resis-
tant structures where imparting ductility to the structure
is a major concern. The inherent strength combined with
the ductility of steel enables the structures to satisfy the
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There are different types of steel structural framing sys-
tems that are used to render building safe from seismic
forces, like moment-resisting framing system, concentri-
cally braced framing system, eccentrically braced framing

(EBF) system, buckling restrained brace framing system,
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steel plate shear walls, etc. The focus of this research is on
studying the seismic performance of EBF systems.

In EBF systems, braces are connected to the beam with
an offset, unlike the concentrically braced systems, thereby
isolating a link element in the beam. Axial forces experi-
enced by the braces during a seismic event are transferred to
another brace or column through this link element. Under
the action of brace forces, the link element undergoes inelas-
tic deformation dissipating the energy imparted to the system
and thereby preventing damage to the primary load-carry-
ing beams and columns of the structure [2]. EBFs were first
formally introduced in 1977 by Roeder and Popov [3], fol-
lowed by several studies on the design and behavior of EBF
systems under seismic loading [2,4]. Eccentrically braced
frames are recognized as an efficient seismic load resisting
system for achieving the stiffness and ductility demand of
present-day building code provisions [5]. Along with having
a high ductility capacity, EBF systems are easily repairable
and replaceable after earthquakes and therefore beneficial in
seismic regions [6]. In recent times, several researchers have
focused their studies on eccentrically braced frames. Ashrafi
and Imanpour [7] studied the seismic response of multi-
tiered eccentrically braced frames. In his study, eccerntri-
cally braced frames of different heights, relative teir heights
and brace to beam connections were designed according to
the Canadian design standard and the response was studied.
Chacon et al. [8] presented a numerical study on stainless
steel I-shaped links in EBF subjected to cyclic loading. A
parametric analysis was also carried out to study the effect
of variation of web slenderness, transverse stiffness and
material properties. Hernandez and Carrera [9] carried out
nonlinear analysis of 6 and 9 storey eccerntrically braced
frame buildings to study the inelastic response of ductile
eccentrically braced frames. Mohsenian et al. [10] studied
the seismic performance of eccentrically braced frames of
different heights under sequential earthquakes. In the 1990s
EBF systems were recognized as high ductility systems by
code committees all over the world and response reduction
factors, R ranging from 4 to 7 were assigned to the EBF sys-
tems. However, the wide range of response reduction factor
itself indicates the lack of consensus among different code
committees on the ductility capacity available in EBF sys-
tems [11].

The drafting of the Indian standard code for earthquake
resistant design of structures (IS 1893:2016) [12] has been
done with assistance derived from the codes UBC 1994
[13], NEHRP 1991 [14], and NZS 4203:1992 [15]. The
R-values in the NEHRP 1991 code are the same as given in
ATC-3-06 [16], which were revised and designated as Rw
in UBC 1994. In the report on structural response modi-
fication factors, ATC-19 [17] points out that the R-values
specified in ATC-3-06 were based on a very little technical
basis and were decided by the consensus of the committee
keeping in view the following points: “1) General observed
performance of like buildings during past earthquakes,
2) Estimates of general system toughness, 3) Estimates of

the amount of damping present during inelastic response”
(ATC-19). The ATC-19 report concluded that the specified
values of R factors will not yield an equal level of risk for all
the buildings as these values of seismic performance factors
given in the codes do not address the variation in collapse
performance due to differences in building periods, inelas-
tic response capacity and seismic design category. This
observation indicates the need to study and validate the
performance of the EBF systems designed with response
reduction factor value given in the Indian standard code.
Therefore, The present study was aimed to study the ade-
quacy of the response reduction factor given in the Indian
codes for design of low rise EBF buildings.The check for
adequacy requires a systematic comprehensive procedure
for the estimation of seismic performance, such as docu-
mented in FEMA P695 [18].

FEMA P-695 provides a comprehensive procedure
through which, the ability of a system to achieve the
desired safety against collapse can be verified. In the pres-
ent study, an attempt has been made to validate the value
of the Response Reduction Factor specified in the Indian
standard code for the design of EBF systems. A 5 storey
EBF structure with the most optimal link length possible
was used to validate the performance of the EBF system.
The ratio of length of the link element to the length of the
beam has been represented by the link-length ratio (e/L)
throughout the paper. The most optimal linklength ratio
was obtained through a parametric study on the link-length
ratio by comparing the displacement ductility of the result-
ing EBF systems. Two types of link sections for the EBF
structure were used in the study, rolled steel sections, and
built-up sections. Rolled steel sections are readily available
in the market but there is not much flexibility in the pro-
portioning of flange and web dimension and thus constrain
the design options. In the case of the built-up link section,
it was assumed that there is no restriction on the selection
of flange and web dimensions. The performance of the EBF
structure having rolled steel link sections was compared
with the EBF structure having built-up link sections, to
study the effect of constraining the size of the link section
on the performance of the EBF system.

DESIGN

Five storey dual EBF- moment resisting frame (MRF)
buildings were modelled in SAP 2000. Initially, the link
elements were modelled using the available rolled steel
sections. In the latter part of the analysis, built-up steel
sections were used for modelling the link elements in EBF
buildings. The link sections of length varying from 15% to
40% of the beam length were created. The plan, elevation,
and dimensions of the buildings are shown in Figure 1.
Eccentric braces were provided in 2 of the 5 bays along the
longitudinal direction, and, in both the bays in the trans-
verse direction along the perimeter of the building.



Sigma J Eng Nat Sci, Vol. 41, No. 6, pp. 1121-1131, December, 2023

1123

Design guidelines developed by Singhal et al. [19] were
used for the design of beams, columns, braces, and link ele-
ments. The section of the link was kept the same as that
of the corresponding beam outside the link. The Link sec-
tions were designed to fail in shear by ensuring the links
were shorter than 1.6 Mp/Vp, as shear links are known to
have better plastic behavior than flexural and intermedi-
ate links [4]. The length of the links has been kept uniform
along the height of the building. A uniform value of the link
overstrength factor (the ratio of the link yield strength to
link design shear force) is recommended for adequate link
strength distribution along the height [20-22]. Therefore,
a uniform overstrength factor (close to unity) has been
kept in all the link members to minimize the subjective
overstrength in the members outside the link. The build-
ings were designed for the seismic forces according to IS
1893:2016, assuming to be situated in Zone V on soft soil.
A response reduction factor of 5, according to IS 1893:2016,
was used in the design. Since IS 1893:2016 does not specify
the capping period for correction of base shear in EBE, the
approximate period specified in ASCE-7 [23] was used to
calculate the base shear correction factor.

EBF EBF

EBF EBF | 6

EBF EBF | 6

EBF EBF

—

(4]
1]

—

W
)

——

L
R

——ry—

tw
ad

——fy—

33

)7,7

Figure 1.Plan and elevation of the modelled EBF building
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MODELLING

Beams, columns, and links were modelled as frame
elements having six degrees of freedom at each node. The
nonlinear behavior of the frame elements was modelled
with the help of lumped plasticity hinges at probable loca-
tions of yielding in the frame components. Flexural hinges
were assigned at the expected locations of maximum bend-
ing moments in beams, and shear hinges were assigned in
the links. Only shear and flexure action in the beams were
considered as deformation-controlled actions as per the
specification for EBF frame components given in ASCE
41-13 [24]. Nonlinear parameters were defined for the
hinges using the values given in ASCE 41-13 [20]. The typ-
ical location of hinges have been shown in Figure 2, and the
details of the hinges provided have been shown in Table 1.
In ASCE 41-13, backbone curves as shown in Figure 3 are
specified to simulate the strength degradation in the com-
ponents as the inelastic deformation progresses. The values
of parameters a, b and c are specified depending on the type
of component and section properties. The relevant values
of the parameters a, b, and ¢ and performance limit states
(acceptance criteria) for EBF components are given in Table
2. The strain hardening effect in steel was considered by
increasing the peak strength capacity up to 1.1 times the
yield strength.

ANALYSIS

The most optimal link-length ratio (e/L) for the EBF
archetypes under consideration was estimated through a
parametric study. The most optimal link-length ratio was
considered as the link-length ratio which provides the
maximum displacement ductility for the EBE To find out
the link-length ratio corresponding to the maximum dis-
placement ductility, models with e/L ratio increasing from
15% to 40%, were subjected to nonlinear static pushover
analysis.

The same study was then repeated for the Indian stan-
dard rolled steel sections. Sections given in SP-6 [25] are
more practical as these sections are rolled in the industry
and more likely to be used for construction. A total of 34
cross- sections were selected from a list of 65 cross-sections
which suited the criteria for plastic sections as specified in
IS 800:2007 [26]. The details about the seismic analysis are
given in [27-29]. The shear utilization ratio was kept close to
unity. The link sections and the section of the beam outside
the link were kept the same. For rolled steel sections, the
capacity design could not be achieved for the e/L ratios of
20% to 35%, as the sections which could satisfy the flexural
requirement for the beam outside the link while keeping
the shear utilization ratio close to unity were not available
among the selected 34 cross-sections. So the link length was
reduced to decrease the demand on the link sections and
make the criteria for selection less stringent.
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Table 1. Deatils of the hinges provided in the building

Hinge Name Type Behavior

Axial Axial P Force Controlled
beamsflex1 Interacting P-M3 Force Controlled
beamsflex2 Interacting P-M3 Force Controlled
beamsflex3 Interacting P-M3 Force Controlled
beamsflex4 Interacting P-M3 Force Controlled
beamsflex5 Interacting P-M3 Force Controlled

Col Interacting P-M2-M3 Force Controlled
COL2_hinge Interacting P-M2-M3 Force Controlled
COL3_hinge Interacting P-M2-M3 Force Controlled
column_hinge Interacting P-M2-M3 Force Controlled

LH1 Shear V2 Deformation Controlled
LH2 Shear V2 Deformation Controlled
LH3 Shear V2 Deformation Controlled
LH4 Shear V2 Deformation Controlled
LH5 Shear V2 Deformation Controlled
linkb1 Moment M3 Deformation Controlled
linkb2 Moment M3 Deformation Controlled
linkb3 Moment M3 Deformation Controlled
linkb4 Moment M3 Deformation Controlled
linkb5 Moment M3 Deformation Controlled

445H1(beamsflex5846H1(LH5) 44TH1(beamshex5)
35H2(col) 40H2(col) 45H2(col)
35H1(col) 40fi1(col) 45H1(col)
415H1(beamsflex5#16H1(LHA) 4\7H1{beamsfiexs)

34H2(col) 39H2(col) 44H2(col)

34H1(col) 44H1(col)
421H1(beamsflex5¥22H1(LH3) 423H1(beamsfiexs)

33H2(col) 38H2(col) 43H2(col)

Figure 2. Typical locations of hinges in the EBF building.
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Table 2 .Modelling Parameters of EBF components

EBF components Nonlinear modelling parameters for the components
10 (Immediate ] CP (Collapse
a b € Occupancy) LS (Life Safety) Prevenstion)
Shear Links 0.15 0.17 0.8 0.005 0.14 0.16
b, 52
— =<
2t ’ / wa
h 418 96y 1 ley 0.6 ey 99y 1 ley
—=<
t, JF,
Beams
2, " JF,
W 640 9, 9, 0.2 0.250, 36, 40,
—=
t,  \JF,
Where 6, is the yield rotation
The buildings with the most optimal link-length ratio
-— b . were then subjected to Incremental Dynamic Analysis

Load

Deformation

Figure 3. Force deformation curve for ductile components
(ASCE 41-13)®

12
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Figure 4. Mean spectra for 22 ground motion record set.

(IDA) using the ground motion set given in FEMA P695.
A set of 22 far-field ground motions are specified in the
document for the collapse assessment of structural sys-
tems belonging to different seismic design categories. Mean
spectra for 22 ground motion recordset has been shown in
Figure 4. Before dynamic analysis, all the ground motions
were normalized with respect to their respective peak
ground velocities. The normalization factors and spectral
acceleration for ground motions are shown in Table 3. After
normalization, the ground motion recordset was scaled in
such a manner that the median of spectral accelerations of
ground motions matches with the target spectral acceler-
ation at the fundamental period, T1, of the EBF structure
under consideration. The ground motion intensity was
defined in terms of the median of spectral intensities at the

13 14
Time Period (Seconds)

15 16 17 18 19 2 21 22 23 24 25 26 2
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Table 3. Normalization Factors and Spectral Acceleration for ground motions

Ground motion PGV pger NM Spectral Acceleration at T;  Spectral Acceleration at T,
Record for 1** component for 2" component
953 57.2 0.65 0.82 1.37
960 44.8 0.83 1.15 0.82
1602 59.2 0.63 1.02 0.76
1787 34.1 1.09 0.44 0.95
169 28.4 1.31 0.62 0.91
174 36.7 1.01 0.38 0.63
1111 36 1.03 1.01 0.75
1116 33.9 1.10 0.61 0.79
1158 54.1 0.69 0.55 0.46
1148 27.4 1.36 0.27 0.23
900 37.7 0.99 0.48 0.27
848 324 1.15 0.66 1.34
752 34.2 1.09 1.06 1.00
767 42.3 0.88 0.65 0.54
1633 47.3 0.79 0.47 0.59
721 42.8 0.87 0.62 0.34
725 31.7 1.17 0.73 0.62
829 454 0.82 0.66 0.99
1244 90.7 0.41 0.27 0.32
1485 38.8 0.96 1.03 0.85
68 17.8 2.09 0.61 0.57
125 259 1.44 0.72 1.37
Median 37.2 0.64 0.75

PGV pppr: geometric mean of PGVs of the two components of ground motion, NM: normalization factor for the ground motion
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Figure 5. (a) Floor displacements along the height of the building, (b) Variation of inter-storey drifts along the height of
the building.
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fundamental period T of the whole recordset rather than
by the spectral accelerations of individual records. This
way, the whole far-field recordset was representative of a
suite of ground motions in which the spectral intensities
of the individual records were dispersed about the median
spectral intensity of the set. The intensity at which half of
the ground motions induced collapse in the structure was
obtained as the Median Collapse Intensity. The ratio of this
Median Collapse Intensity to the Maximum Considered
Earthquake (MCE) intensity obtained from the design
spectrum given in the Indian seismic design code gave the
Collapse Margin Ratio (CMR) for the EBF archetype under
consideration. The CMR value was then adjusted for the
spectral shape factor (FEMA P695) to obtain the adjusted
collapse margin ratio. This adjusted collapse margin ratio
value was checked against the acceptable value given in
FEMA P695 for the corresponding established probability
of collapse to verify the adequacy of the response reduction
factor that has been used in the design of the EBF structure.
The acceptable value of the adjusted collapse margin
ratio depends on total system collapse uncertainty and
acceptable probabilities of collapse. Total system collapse
uncertainty is determined by the quality of test data, the
quality of design, and the quality of the model. The qual-
ity of test data used was considered to be of the “Good”
category because it was referred from established stan-
dards (ASCE 41-13 and IS 1893:2016), in which thorough
research and testing have been used to establish the test
data. Quality of design requirements was also considered
to be of the “Good” category as the model design guide-
lines were prepared by comparing widely accepted interna-
tional codes and verified through nonlinear analysis of the
designed models by Singhal et al. [19]. Model quality was
considered to be “Fair” as the necessary details to model the
nonlinear behavior of the components were incorporated,
but the precise modelling of beam-column connections and
foundation were missing. Total system collapse uncertainty
was referred from Table 7-2c of FEMA P695 corresponding
to “Good” quality of test data and design requirements and
“fair” model quality. Then, the acceptable values of adjusted
collapse margin ratio corresponding to the total system col-
lapse uncertainty and established ranges of collapse proba-
bilities were referred from Table 7-3 of FEMA P695.

Table 4. Inter storey drift ratios for different link length ratio

RESULTS AND DISCUSSION

While designing the EBF systems, the maximum pos-
sible link length ratio for which the EBF system could be
designed were obtained as the most optimal link-length
ratios as they gave the maximum displacement ductility.
If the link length were increased beyond these limits, the
capacity-based design could not be achieved and the hinges
were found to be formed outside the links. The floor dis-
placements and inter-storey drifts along the height of the
building have been shown in Figure 5. The Inter-storey
drift ratios obtained for EBF with e/L ratio ranging from
15% to 35% have been shown in Table 4 and these values
have been compared with the permissible values given in
IS 1893:2016, ASCE 7 and AISC 360-10. The inter-storey
drift ratios were found to be within the permissible lim-
its. Results of pushover analysis obtained for different link
length ratios have been presented in Table 5. The most
optimal link length which provided the maximum ductility
capacity was obtained as 35% of the beam length in both
the directions in buildings with built-up link sections. The
Capacity design for rolled steel link sections was achieved
at the link length ratio of 15% in the longitudinal direction.
Similarly, the link length (e/L) was reduced to 5% in the
transverse direction so that section requirements could be
at par with any of the 34 sections available for use. The link
sections used in the EBF building under consideration are
given in Table 6. The details of the rolled steel sections given
in IS 808:1989 [30] which have been used as link elements
in this study are given in Table 7. The performance point at
Design Basis Earthquake (DBE) and Maximum Considered
Earthquake (MCE) obtained from the pushover curves
and the ductility demands have been given in Table 8. The
pushover curves for e/L values ranging from 15% to 35%
for built-up link elements have been shown in Figure 6.
The formation of plastic hinges for built-up link elements
in the structure have been shown for different link-length
(e/L) ratios in Figure 7. The hinges in the fourth storey have
reached collapse first for all link-length ratios (e/L) except
for 15% as shown in Figure.7(a) in which the collapse has
occurred in the links of the third storey. The collapses have
been reached in the hinges of links first as desired for the
EBF system. An exception has been observed in the case of
40% (e/L) as shown in Figure.7(f) where force-controlled

e/L Maximum Inter Permissible Inter-storey Drift ratios as per:
Storey Drift Ratio IS 1893:2002 ASCE7 AISC 360-10
15% 0.0052 0.0132 0.033 0.0275
20% 0.0056 0.0132 0.033 0.0275
25% 0.0062 0.0132 0.033 0.0275
30% 0.0065 0.0132 0.033 0.0275
35% 0.0073 0.0132 0.033 0.0275
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Figure 6. Pushover Curves for different e/L values using
built-up link elements.

hinges have been formed in the beam outside the link in
the lowermost storey even before the link hinges reached
collapse. The median collapse intensity was obtained at
2.1g and 1.2g intensity for built-up link sections and for
rolled steel link sections respectively after being subjected
to increasing intensities of 22 Far Field ground motions.
The MCE intensity was obtained from the design spectrum
given in IS 1893:2016 for Zone V and type III soft soil. The
formula for an approximate fundamental time period for
steel buildings given in ASCE-7 was used for the calcula-
tion of time period of the EBF structure (as per the guide-
lines mentioned in FEMA P695) and an MCE intensity of
1.26g was obtained for the corresponding time period. The
collapse margin ratio was calculated by taking the ratio
of median collapse intensity to MCE intensity. The col-
lapse margin ratio for EBF structures with rolled steel link

sections was obtained as 0.952 and 1.67 for EBF structures
with built-up link sections. The Collapse Margin Ratios
obtained for the considered models were then adjusted for
spectral shape effects. Fragility curves for the EBF building
with built up sections and rolled steel sections have been
shown in Figure 8.

The EBF building designed with rolled steel link sec-
tions had a fundamental period of 0.393s, ductility ratio of
6 and seismic design category SDC Dmax, the correspond-
ing value of spectral shape factor of 1.28 was obtained
from table 7-1b of FEMA P695. The Collapse Margin
Ratio obtained from the Incremental Dynamic Analysis
(IDA) results was multiplied with this spectral shape fac-
tor to obtain Adjusted Collapse Margin Ratio. Adjusted
Collapse Margin Ratio for rolled steel sections was obtained
as 1.2186. Similarly the EBF structure designed with built
link sections had a fundamental period of 0.6827s, ductility
ratio of 12 and seismic design category SDC Dmax, the cor-
responding value of spectral shape factor was obtained as
1.38. Adjusted Collapse Margin Ratio for the EBF structure
designed with built up link section was obtained as 2.305.

A value of 2.16 was obtained as the acceptable value of
adjusted collapse margin ratio, ACMR10%, corresponding
to the total system collapse uncertainty, Sror = 0.600 and
10% probability of collapse. By comparing this value of
ACMR10% with the adjusted collapse margin ratio for EBF
structures of built up section and rolled steel link sections,
it was found that the EBF structure with the built-up link
sections gives acceptable performance with the given R fac-
tor, whereas the EBF structure with rolled steel link sections
resulted in unsatisfactory performance.

Table 5. Pushover analysis results for different link length ratios

e/L Time Period T ~ Stiffness (kN/m) Strength (kN) Yield displacement Ultimate Ductility
(m) displacement (m) Capacity
15% 0.576 58786 2207 0.0395 0.2934 7.428
20% 0.648 52351 2216 0.0413 0.3888 9.414
25% 0.654 47166 2216 0.049 0.4837 9.871
30% 0.705 42599 2268 0.0536 0.5714 10.660
35% 0.744 38088 2274 0.0592 0.6673 11.272

Table 6. Link Section used for rolled steel sections

Storey e/L Longitudinal direction e/L Transverse direction
5 15% ISLB 225 5% ISHB 150-1

4 15% ISLB 325 5% ISLB 225

3 15% ISWB 350 5% ISMB 250

2 15% ISWB 400 5% ISLB 300

1 15% ISWB 400 5% ISLB 300




(b) e/L=20%

L

ANAN

HANAN

NANAN

(f) e/L=40%

(e) e/L=35%
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Table 7. Details of the rolled steel sections used as link elements as per the Indian Standard [30](IS 808:1989)

Steel Section Weight per Sectional Area  Depth of Section Width of flange = Thickness of Thickness of
Meter (kg) (cm?) (mm) (mm) Flange (mm) Web (mm)

ISLB 225 23.5 29.92 225 100 8.6 5.8

ISLB 300 37.7 48.08 300 150 9.4 6.7

ISLB 325 43.1 54.9 325 165 9.8 7

ISMB 250 37.3 47.55 250 125 12.5 6.9

ISWB 350 56.9 72.5 350 200 11.4 8

ISWB 400 66.7 85.01 400 200 13 8.6

ISHB 150-1 27.1 34.48 150 150 9 5.4

Table 8. Performance points for different Link Lengths

e/L Performance point at Performance point Performance Performance at Ductility Demand
DBE at MCE at DBE MCE

15% 0.0785 0.1831 LS LS 4.636

20% 0.0980 0.2218 LS LS 5.371

25% 0.0996 0.2249 LS LS 4.590

30% 0.1081 0.2382 LS LS 4.445

35% 0.1130 0.2450 LS LS 4.139

—— Built-up sections

Rolled steel sections

Probability of Collapse

0 05 1 15 2 25 3 35 a
Spetral Intensity (g)

Figure 8. Fragility curves for the EBF building with built-
up sections and rolled steel sections.

CONCLUSIONS

The adequacy of Response Reduction Factor specified
in the Indian seismic design code has been verified using
the procedure given in FEMA P695. It has been found from
the study that acceptable performance is obtained only in
the case of EBF structures with built up link sections, while
the structure may not perform as desired if the rolled steel
link sections are used. As the built up link sections used in
the study are difficult to fabricate and rolled steel sections
are usually employed in construction, the R factor given in
IS 1893:2016 for EBF structure need to be revised to get the
desired probability of collapse.
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