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Abstract

This article discusses about the retrofitting of the existing chevron braced frames, constructed before the induction of the concept of thespecial
concentrically braced frames (SCBF) braced frames. Two arrangements of upgraded bracing were developed; one configuration was inspired by
X-brace and Y brace while the other was inspired by Zipper brace and Y-brace. Both arrangements resulted into unique dual half Y-brace
(DHYB). The numerical analysis was done by using Abaqus software. The outcomes of the analysis for studying the behaviour of the braced
frame after retrofitting were the hysteretic behaviour, plastic energy dissipation and the beam deflection. In most of the cases, retrofitting using
the above mentioned technique provided a more stable and balanced hysteretic behaviour, improved energy dissipation, reduced beam deflection.
This method of retrofitting would cause minimal structural intervention and least disruption to the occupants.
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1. Introduction

Many of the tall building in current times and few
decades back were made using steel as a major construction
material. As far as steel structures are concerned, most of
them are generally equipped with addition members for the
lateral load resistance and for the seismic energy dissipation
that are called as primary seismic force resisting systems.
These primary seismic force resisting systems include
various types systems but the most common type is the
braced frames. Few decades back, when seismic codes were
in pre-mature state of development (before the development
of special concentrically braced frames, SCBF), many
braced frames were already in existence. Major concern of
these frames has been presented in the concentrically braced
frames as they are said to be uncertain under the severe
repetitive lateral loads (Popov 1983). After the buckling of
one of the braces under compression, sudden decrease in the
compressive strength of the brace can be observed (Sabelli
2001, Sen et.al. 2016). But when the brace is considered in
the whole frame, the strength degradation of the whole
structure is not severely affected in most of the cases
(Popovet.al. 1987). When considering old concentric
chevron braced frames an unbalanced force resulting from
braces acts on the beam, because of which strong beam has
been suggested in the SCBF provisions (ASCE 2016). But
in the old chevron braced frames this problem still exists
(Sen etal. 2014). Many researchers have studied the
behaviour of braced frame constructed in olden days.
Wakabayashi et.al. (1977, 1980) studied the behaviour of

concentric braced frames. Popov et. al. (1983, 1987) studied
the behaviour of eccentrically braced frames. Further studies
related to connections were done by Roeder (1989). Some
found the old braced frames to be capable of resisting
seismic loads and found braces or the weak beams as
secondary members for retrofitting (Sen et.al. 2014 and
Sizemore et.al. 2017) and some found it necessary to replace
weak beams with SCBF based beams (Rai and Goel 2003).
Tsuji (1988) experimentally showed the drawbacks of using
weak beam in chevron braced steel frames.

Numerical analysis has been considered as one of tools for
understanding the behaviour of steel braced frames. It is
difficult to access the manufacturing defects and
imperfections, locally concentrated errors in the actual
structures as they vary for every experiment and for every
loading setup conducted in various locations throughout the
world. Even-though the local behaviour of the braced frame
was not captured in the numerical model by Sen et.al.
(2014) and Sizemore et.al. (2017) but the global behaviour
matched with the experimental one. Narayan et. al. (2020)
found that the Abaqus software (2014) simulated the welded
frame behaviour very much in competence with the
experimented one. The effective length of the buckling
members was closely achieved and the size of the connected
member also affected the effective length. Rai and Goel
(2003) suggested three measures to curb the effects of the
deficiencies in chevron braced frames. Concrete filling in
the hollow tube steel section (HSS) braces, replacing
chevron braces with two story X-braces, replacing the

*Corresponding author. Tel: +915427165802; E-mail address: narayan.rs.civl7@itbhu.ac.in

Proceedings of the 12th Structural Engineering Convention (SEC 2022), NCDMM, MNIT Jaipur, India| 19-22 December, 2022
© 2022 The authors. Published by Alwaha Scientific Publishing Services, ASPS. This is an open access article under the CC BY license.

Published online: December 19, 2022
doi:10.38208/acp.v1.710




Narayan and Pathak / ASPS Conference Proceedings 1: 1713-1717 (2022)

beams with SCBF based beams. They described those
upgrading measures as disruptive to the occupants, and
required extensive structural inventions. Narayan and Pathak
(2021; 2021) devised some very handy strategies for the
upgrade of the braced frames, which were neither disruptive

to the occupants nor required extensive structural
inventions.
Wakabayashi et.al. (1977) found that bringing the

slenderness of the braces less than 30 had detrimental effects
on the behaviour of the braced frames under repeated lateral
loads and Narayan and Pathak (2020) found that the
bringing the slenderness close that of beams and columns
had a detrimental effects on the columns. Present study
provides a simple and effective means to overcome some of
the major deficiencies of the chevron braced frames without
causing extensive structural intervention or disruption to the
occupants. This has been done without replacing any
member and without increasing the size of the brace.

2. Methodology and specifications of specimens

In the investigation by Sloat (2014), before the induction of
the concept of SCBFs, most of the steel buildings were
equipped with the wide flange chevron braces made-up of
ASTM-A36 steel, which was equivalent to the JIS-SS40
steel. To replicate the steel structure in numerical analysis,
material properties and member specifications were taken
from an old experimental study (Wakabayashi et.al. 1980).
Where the height of the frame (h) and the width of the bay
(L)ywere 1.4 m and all the members were wide-flange
sections made-up of JIS-SS40 steel. All the members were
rigidly connected (as shown in Fig.1.a).

The experimental results given in the report by
Wakabayashi (1980) were validated using numerical
simulation in Abaqus software (2014) and numerical
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Fig.1. a) Considered chevron braced frame b) Displacement
load history.
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simulation results were found to be in correlation with the
experimental ones. Based on same frames as used in the
experimental report, chevron braces (as shown in Fig.1.a)
were analysed for the cyclic loading (shown in Fig.1.b). The
existing state was then modified by incorporating diagonal
and vertical bracing members (as shown in Fig.2).

3. Results and discussion

The results of the numerical simulation of selected chevron
braced frames were obtained in the form hysteresis loops
and the plastic dissipation time-history graphs. In the
unmodified state of the chevron braced frame (Ch), the
hysteresis loop shown in Fig.3.a, was neither stable (strength
degradation and the sudden initial peaks/spikes) nor
balanced (differences in compression and tension sides).
The energy dissipation has been shown in Fig.3.b.

a) | b)

c) d)
Fig.2. Additional bracing members a) perpendicular to the
existing brace, b) connected to existing brace at one-fourth
height of the frame, c) connected to brace at central height,
d) vertical at brace from central height of frame connected

to the beam.
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Fig.3. a) Hysteresis loop for chevron braced frame (Ch), b)
Energy dissipation graph.
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Fig.4. a) Hysteresis loop for modified braced frame (Ch-
D90), b) Energy dissipation graph.

To reform the behaviour of chevron braced frames, four
modified  configurations  were  analysed. Three
configurations included additional diagonal brace members
and one configuration included additional vertical brace.
Their analysis results are discussed below.

Member from beam column joint perpendicular to the
brace (Ch-D90)

The inelastic activity in the beam was reduced in
comparison to the unmodified case. The hysteresis loop
became more balanced (see Fig.4.a) but the improvements
were not significant as the energy dissipation (see Fig.4.b)
was not improved and the beam was still contributing
significantly in the inelastic activity along with the braces.

Additional brace from beam column joint to brace at one
fourth height from top (Ch-D4h)

The inelastic activity in the beam was reduced in
comparison to the unmodified case. The hysteresis loop
became more balanced (see Fig.5.a) but the improvements
were not significant as the energy dissipation (see Fig.5.b)
was not improved and the beam was still contributing in the
inelastic activity along with the braces.

Diagonal member from the centre of the brace (Ch-D)

For the modified configuration having an additional
diagonal member connected from the beam column
connection to the brace at the central height of the frame, the
results were very much acceptable and reformed in
comparison to the unmodified configuration. The sudden
decreasing peaks/spikes observed in the hysteresis loops of
the unmodified chevron braced configuration in the initial
loading stages were diminished, the hysteresis loops were
more balanced and stable (see Fig.6.a). The energy
dissipation was also improved considerably (see Fig.6.b).
The inelastic activity in braces was predominant as expected
from a well-designed braced frame.
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Fig.5. a) Hysteresis loop for modified braced frame (Ch-
D4h), b) Energy dissipation graph.
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Fig.6. a) Hysteresis loop for modified braced frame (Ch-
D), b) Energy dissipation graph.

Vertical member from the centre of the brace (Ch-V)

In the modified configuration where an additional vertical
from central height of the frame connected from the existing
brace to the beam, all the purposes were satisfactorily
achieved. The sudden decreasing peaks/spikes observed in
the hysteresis loops of the unmodified chevron braced
configuration in the initial loading stages were diminished,
the hysteresis loops were more balanced and stable (see
Fig.7.a). The energy dissipation was also improved
considerably (see Fig.7.b). This configuration improved the
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Fig.7. a) Hysteresis loop for modified braced frame (Ch-
V), b) Energy dissipation graph.

behaviour of the braced frame significantly as the inelastic
activity in the beam was minimised and the braces were
found tobe the most predominant members in dissipating the
energy as expected.

The retrofitting methods introduced here were found to
improve the behaviour of the braced steel frames
considerably under the effect of repetitive/cyclic lateral
loading. In unmodified braced frame it can be seen that in
third set of loading the beam deflection is so abrupt in
changes from 10 mm to 35 mm on load reversal. In all the
retrofitted cases, there is no abrupt change in beam
deflection and looked like following a regular pattern. In the
braced frames where additional members were connected to
the centre of the brace, the beam deflection at the mean
position is zero, whereas in all other cases beam continues to
achieve a deflected shape. The major take from this analysis
was that the members connected at the centre of the brace
were found improve the behaviour of the old chevron braced
frame under cyclic loading in comparison to the other cases.

4. Conclusion

It has been observed that the old designed steel braced
frames lacked some features that are considered important in
the currently available seismic codes. An attempt to improve
the behaviour of such old braced frames under cyclic
loading was made in the present article.

1. Two types of arrangements of upgraded chevron
bracing were obtained;

a) One was similar to the combination of X-brace
and Y-brace

b) Other was the combination of zipper brace and
Y-brace.

2. Both the bracing configurations were found to
improve the behaviour of overall frame under
cyclic/repetitive loading. Peaks/spikes in the
hysteresis loops in the initial stage of the loading
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were controlled, strength degradation was reduced
and the plastic dissipation was significantly high.

3. It was found that the improvisation provided by the
addition members connected at the central height of
the braces (both diagonal and vertical) was better
than the member connected at the other locations of
the brace.

4. The retrofitting methods suggested here don’t
require any replacement to avoid disruption to

occupants and to avoid extensive structural
intervention.
5. This retrofitting measure rectified many

deficiencies of the old braced frames in comparison
to the current design provisions based braced

frames.
Disclosures
Free Access to this article 1is sponsored by

SARL ALPHA CRISTO INDUSTRIAL.

References

1.  Wakabayashi M, Nakamura T, Yoshida N. Experimental
studies on the elastic-plastic behavior of braced frames under
repeated horizontal loading. Part 1 (Experiments of braces
with an H-shaped Cross Section in a Frame). Japan: Bulletin
of the disaster prevention research institute, 27(3), 121-154,
1977.

2. Wakabayashi M, Nakamura T, Yoshida N. Experimental
studies on the elastic-plastic behavior of braced frames under
repeated horizontal loading. Part 3 (Experiments of one—story
one bay braced frames). Japan: Bulletin of the disaster
prevention research institute, 29(4), 143-164, 1980.

3. Popov EP. Recent research on eccentrically braced frames.
Eng. Struct., 5, 3-9, 1983. https://doi.org/10.1016/0141-
0296(83)90034-2.

4.  Popov EP, Kasai K, Engelhardt MD. Advances in Design of
Eccentric Braced Frames. Bulletin of the Newzeland
National Society for Earthquake Engineering, 20 (1), 22-29,
1987. https://doi.org/10.5459/bnzsee.20.1.22-29.

5. Tsuji B, Nishino T. Elastic Plastic Deformation and Collapse
behavior of Braced Frames. Procedding of Ninth World
Conference on Earthquake Engineering (IV). Japan, 1988.

6. Roeder CW. Seismic behavior of concentrically braced
frame. J. Struct. Eng., 115(8), 1837-1856, 1989.
https://doi.org/10.1061/(ASCE)0733-
9445(1989)115:8(1837).

7. Sabelli R. Research on Improving the Design and Analysis of
Earthquake-Resistant ~ Steel-Braced Frames. The 2000
NEHRP Professional Fellowship Report, EERI, 2001.

8. Rai DC, Goel SC. Seismic Evaluation and Upgrading of
Chevron Braced frames. Journal of Construction Steel
Research, 59, 971-994, 2003. https://doi.org/10.1016/S0143-
974X(03)00006-3.

9. IS: Indian Standard. General Construction in Steel - Code of
Practice. New Delhi, 2007.

10. JSCE: Japan Society of Civil Engineers. Standard
Specifications for Steel and Composite Structures. Tokyo,
First edition 2007, 2009.



11.

12.

13.

14.

15.

16.

Narayan and Pathak / ASPS Conference Proceedings 1: 1713-1717 (2022)

Sloat DA. Evaluation and retrofit of non-capacity designed
braced frames. Univ. of Washington, USA: M.Sc Civil
Engineering Thesis, 2014.

Sen AD, Pan L, Sloat D, Roeder W, Lehman DE, Berman
JW, Tsai KC, Li CH, Wu AC. Numerical and experimental
assessment of the chevron braced frames with weak beams.
10" U.S. National Conference on Earthquake engineering.
Alaska: Frontiers of Earthquake Engineering, 2014.

DassaultSystemes. Abaqus/ CAE 6.14 User’s Guide. Simulia
Corp., USA, 2014.

Sen AD, Roeder CW, Berman JW, Lehman DE, Li CH, Wu
AC, Tsai KC. Experimental investigation of Chevron
concentrically braced Frames with yielding beams. J. Struct.
Eng., 142(12), 2016.
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001597.

American Institute of Steel Construction. Seismic Provisions
for Structural Steel Buildings. Chicago: AISC, ANSI/AISC
341-16, 2016.

Sizemore JG, Fahnestock LA, Hines EM and Bradley CR.
Parametric Study of Low-Ductility Concentrically Braced

1717

17.

18.

19.

20.

Frames under Cyclic Loading. J. Struct. Eng., 143, 2017.
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001761.

Narayan.,Pathak KK,Buckling Analysis of braced frames
under axial and lateral loadings: The Effect of Bracing
Location on Frame Configuration. Lecture Notes in Civil
Engineering, 81, 317-334, 2020.

Narayan., Sharma A, Pathak KK. Buckling Analysis of Space
Frames using Experimental and Numerical Techniques.
Journal of Structural Engineering, CSIR-SERC, India, 47(3),
227-232,2020.

Narayan. and Pathak K.K. Numerical Experimentation for
the Upgrade of Old Designed Eccentrically Braced Frame.
Prac. Periodical on Structural Design and Constr. (ASCE), 26
(4), 1-7,2021.

Narayan. and Pathak K.K. (Forthcoming) Numerical
Analysis of Multi-Level Eccentric Chevron Braced Frame for
Improved Inelastic Behaviour. Prac. Periodical on Structural
Design and Constr. (ASCE), 2021.



