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ABSTRACT: Buckling Resistance braces are known as elements which resistant to axial loads in
tension and compression. The present study is focused on the seismic behavior of low to medium height
of braced building frame, which equipped with non-buckling braces under far and near fault with and
without pulse earthquakes. In this research, building frames with pinned beam-to-column connections in
4 stories have been studied. Incremental dynamic analysis has been performed for 14 earthquake records
from all three domains. The results obtained from the incremental dynamic analysis for the studied
frames under the selected earthquake records with the conditions and characteristics affected by the
distance from the earthquake site, has shown the vulnerability of 4 and 8-story frames with pinned beam-
to-column joints against ground movements in all three areas distance from location of the fault and for
the damage parameter of inter story drift ratio. Also, the results have shown that the bracing members are
the most vulnerable members of this frame. The median acceleration that obtained to a 4-story structure
and for the performance levels of immediate occupancy, life safety and collapse threshold to meet the
functional conditions of the inter story drift ratio as damage parameter in far-field earthquakes are 0.30
g,0.85gand 1.05 g, and 0.40 g, 0.75 g, and 0.95 g were obtained for the near field with pulse, and 0.30
g, 0.80 g, and 1.00 g for the near field without pulse, respectively.
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1- Introduction

Lateral force-resisting systems are used in buildings
to increase lateral strength, stiffness, ductility, and energy
dissipation potential under seismic loading. Buckling
resistance braces (BRBs) as one of these lateral force-
resistant elements which have shown almost equal
resistance in tension and compression, higher ductility,
and better energy dissipation capability [1]. Experimental
and numerical studies have shown that frames equipped
with buckling resistance braces may have relatively higher
residual deformations when exposed to severe earthquakes
[2, 3]. Also, it has been shown that buckling-resistance braced
frames can be used to overcome several potential problems
related to conventional concentrically braced steel frames
(CBFs), such as sudden reductions in strength and stiffness,
reduced energy dissipation capacity, and limited plasticity
[4]. After the recent earthquakes and the large damage of the
structures designed with the seismic codes, it has been proven
by researchers that the nonlinear response of the structures
that are exposed to far and near field earthquakes is different,
and therefore the codes should be modified [5-6]. One of such
resistant systems that has recently received much attention
for use in high seismic areas is the building frame system
with buckling resistance braces.
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2- Methodology

A building, 4 story, is considered for seismic evaluation in
this study. This building represents low-rise structures. The
plan dimensions and elevation views of these buildings are
shown in Figure 1. The floor plan dimensions of the buildings
are 18 (m) x 18 (m) with three beams 6 (m) length in one
direction and three beams 6 (m) length in the other direction.
The total height of the 4-story building is 12.50 (m) and the
height of the first story is 3.50 (m). As shown in Figure 1, all
beam-to-column connections are considered non-earthquake-
resistant connections (or hinge connection).

The computational models of the frame were developed
in Python software version 8.3 and using the OpenSeesPy
library [7], and the members were individually calibrated by
comparing the hysteresis response of the components used
with the results of the past test. Then, the analysis of the
progressive nonlinear dynamic of the frame has been done.
Finally, by drawing the overall fragility curves of the frame
(based on story relative displacement) and the fragility of frame
members (brace axial deformation and column rotation), the
seismic response of frames with buckling resistance braces
investigated in this article, has been evaluated for the required
performance at different risk levels.

14 records were used to perform incremental dynamic
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Fig. 1. Plan and side view of two-dimensional frame ex-
tracted from three-dimensional frame of 4-story

analysis for each investigated seismic field. According to
the guidelines for the evaluation of seismic performance
coefficients of structures (FEMA P-695) [8], all records
after scaling to their maximum acceleration at the period of
the main mode of the analyzed structure, scaled up to the
target design spectrum with incremental step (0.01g) until
collapse criteria are achieved. In the process of modeling,
in each structure, one of the side frames is modeled as a
two-dimensional frame, in which the brace is located in the
middle bays. Incremental nonlinear dynamic analysis under
14 earthquake records for all three domains has been done
in this research based on proposed FEMA P-695 guidelines.
In this method, each structure was subjected to incremental
dynamic analysis 42 times, and a collapse capacity was
obtained for each analysis, and their results were used to
evaluate the collapse probability of the frame.

3- Result and Discussion

Figure 2(a) shows the maximum variation of the
4-story frame relative displacement response for near-field
earthquakes with a pulse. It has been observed that the
maximum value of spectral acceleration response is 2.81g.
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Fig. 2. Results of incremental dynamic analysis of 4-sto-
ry braced steel building frame for near field records
with a pulse.

In Figure 2(b), the spectral acceleration in maximum story
relative displacement of a 4-story frame, in quantiles of 84%,
50%, and 16% (respectively), is 1.21, 1.41, and 2.61g have
been achieved. In addition, for the three main performance
levels of 10, LS, and CP, the mean spectral acceleration
values (respectively) are calculated 0.48, 0.61, and 0.70g.
Figure 3(a) shows the maximum variation of story
relative displacement response of a 4-story frame for far-
field earthquakes. It has been observed that the maximum
value for the response of spectral acceleration is 3.45g and
the maximum displacement is obtained in the first story.
In Figure 3(b), the spectral acceleration in maximum story
relative displacement of a 4-story frame, in the quantiles of
84%, 50%, and 16% (respectively), is obtained 1.41, 1.81,
and 2.61g. In addition, for the three main performance levels
of 10, LS, and CP, the median spectral acceleration values are
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Fig. 3. Fragility curves of 4-story braced steel building
frame at performance level

obtained 0.50, 0.69, and 0.90g, respectively.

As mentioned previously, the response of the structures
was obtained according to the type of earthquake records in
terms of the distance from the record released field, magnitude,
and presence of pulse for the selected records. Therefore,
probabilistic evaluation by considering the uncertainties
in the design of engineering structures is inevitable, and it
can be provided to better express the functional behavior of
structures for obtained results. From incremental non-linear
dynamic analysis, the response of structural elements such
as braces deformation and column rotation have been also
extracted. In this research, these responses were used as
other damage parameters in addition to the relative story
displacement (i.e., brace axial deformation, and columns
plastic hinge rotation) to evaluate the structural performance.
Also, the summary of results is presented in Table 1.

Table 1. The values of the 4-story frame maximum spec-
tral acceleration result from incremental dynamic anal-
ysis and the median spectral acceleration from fragility

analysis
Damage IDA- Seismic
cp LS pe 10 op parameter 50% field
Story relative
090g 0.75¢  0.60g  0.35g  0.25g displyacemem
Brace axial 1.41 Near.
1.40g 0.95g 0.50g  0.30g 0.10g deformation A field with
Column pulse

180g 150z  0.85g 035g  0.10g roration

Story relative

1.00g  0.80g 0.60g 035g 0.25g

displacement Near
Brace axial 2.01 field

1.60g 105¢  0.60g 030z 0.10¢ deformation g without
Column pulse

190g 155z 090g  0.30g  0.10g rotation

Story relative
displacement
Brace axial 1.81
deformation g
Column
rotation

1.05g 0.85g  0.65g  0.35g 0.25¢g

1.30¢g 0.90g 0.50g  0.30g 0.10g Far field

1.95g 1.60g  0.95g  0.55g 0.30g

4- Conclusions

1-There is a significant gap between the story relative
displacement damage criterion and two other damage criteria,
column plastic hinge rotation and brace axial deformation, for
the 4-story structure. So, it can indicate that the failure criteria
must be used which consider the maximum capacity of the
structure according to the general regulation’s restrictions
(such as story relative displacement) and the limitations of
structural components (such as column rotation and brace
axial deformation), and it seems that more optimal structural
designs can be achieved by providing conditions that help
bring these control criteria being closer.

2- Earthquakes in the area near to the fault have a higher
destructive effect for relative displacement response for
4-story frames, which are braced with buckling resistance
brace so that in the middle of the spectral acceleration,
more damages were imposed to the structure compared to
earthquakes in the far field records.

3- Using the obtained results, it can be stated that the
functional response of the structures will have a significant
impact on the number of stories, and the location of the
building in relation to the location of the probable earthquake,
and the need for more investigation and research in this field
to change parameters. Such as the width and height of the
braced bays, and the type of bracing arrangement can be
suggested for future research.
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Fig. 1. Plan and side view of two-dimensional frame extracted from three-dimensional frame of 4
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Table 1. Sections used in the 4-story structural model
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Fig. 2. Components of a buckling resistance brace
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Fig. 3. validation of the buckling resistance brace element model used in this research and reference
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Fig. 4. Diagram of non-linear behavior and performance levels of axial and bending plastic joints of
brace, and column. (a) Axial plastic hinge of brace, (b) Bending plastic joint of beam and column
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Table 3. Values of allowable moment of column, axial deformation of braces and story drift according to
FEMA356, ASCE/SEI 41-17
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Table 4. Results of modal analysis of research frames
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Table 5. The details of earthquake records near the fault with the pulse used in nonlinear dynamic analysis
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Fig. 5. The range of design or goal along with the range of records of different fields studied in this
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Table 6. Details of earthquake records near the fault without pulses used in nonlinear dynamic analysis
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Table 7. Details of earthquake records far from the fault used in nonlinear dynamic analysis
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Fig. 6. Results of incremental dynamic analysis of 4-story braced steel building frame for near field re-
cords with pulse. (a) Analysis results under different earthquake records (b) Summary of analysis results
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Fig. 7. Results of incremental dynamic analysis of 4-story braced steel building frame for near-field
records without pulse. (a) Analysis results under different earthquake records (b) Summary of
analysis results
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Fig. 8. Results of incremental dynamic analysis of 4-story braced steel building frame for far field records. (a)
Analysis results under different earthquake records (b) Summary of analysis results

031> (aled by > S35 055> slaoj ) (e sl |y Baiss adbo A
DS s oy BIVY Lo ol gonly diniis ke ST sl 05
Voojlod a5 2,58 ln g ped dib )3 (o (bl pS1is 5 e
oS ols ple VO Lab Gl JBls uoen ol 00 sdaline
W ooyl Al 2,05, (sl g plb il ) (o olmle Sl g (e
e (bl Sl el A QL (S) A S8 3wl oad Jol>
(e ) ZV8 g lbe LAY claSais )3 i A OB 70l aib y
32 o9e sl ol Cawds proi (31,5 OlLs ply YAY g F/VY VAN
ik Gl yolia CP 5 LS JO Lol 3,Skes peaws dus gl 3
Slosel Cowds o LS Clis pl g VIY g /AY o /8Y i 4 ailio
B (b o e ol ol i Sl () V- S

Oiled ) b g S35 0je (slaojy) (e sl 1y el dlilo A
Uil Glis plp YAL Lad s gl diiy jlde wSls dad o
Cuwds Vo)lod d1j)5 3,65 (6l g pgd adb 3 (obl 1> g (e
9 omej oS olis ply +AY ab bt Sl Cuotes .ol ol
odel Cuwty ¥ o)lad 4135 2)55) (sl g pl il ) (o (buly ST

b g s obuls Sl Gl el Okl (0) Ve S8 el

4y

s bl Sl (el i ol () V S5 55 il 0 ol
ogMe .ol ol odmlie oy i1,S Glis ol Y/FY o /<) A/FY
Slosel Cawsdy o (3,5 Slid ol Voo g o /YO o [OA s 5 & il
¥ b glaals oy s obols Ful diainy alyus (@) A S

ol odlie B o uL“’ I 390 639> slaojy) ) ) Gt adb
Cuods W oojlod 413l 2,68, sl g Jgl il 13 (obmls yShas 5 (e
9 (%) u»)l)f ol ﬂ‘ﬁ AVAYA U.O,Jo ol JB‘J» B ) ool oel
ol Ve o)led Ajlj oSy lp g b Al 3 (s olml Sl
O o 2l Sl (gl il Sld (C) A JSS el ond
3 ogMe el sl Cands e (1S Ol plp YIS 9 VAN /Y
ool Cowds o SihS Olis plp /e g /FA /0 i @ ailie

GB laads s ool Gl diuin Ol (W) 4SS 55



Vo B SVY dio OF-T Jlo & o)los OF 0,95 eyusS pool (o (suigee 4yl

5.00 3.00
10 LS CP
4.00 2.50 /
% 3.00
N 2.00
@ 2.00 /_ I~ /
: 2 1.50
1.00 3
0.00 = 1.00 Z
0.00 0.02 0.04 0.06 0.50
. I dap
0.00 0.02 0.04 0.06
GM1 GM2 GM3 GM4 Drift(% )
GMS5 GM6 GM7 GM8
GM9 GM10 GM11 GM12 IDA(16%) IDA(50%) IDA(84%)
GM13 GM14 10 LS CP
(<) ()

T (A1) ol (1yls S35 0j0m (51395, (sl b A bl 5k )laen (53Y98 Slotd b D (odl331 (Snliys Julod gulis A S
Sl gl aoYs (&) 35 iliseo (glad 598, Codd Judos

Fig. 9. Results of incremental dynamic analysis of 8-story braced steel building frame for near field records with
pulse. (a) Analysis results under different earthquake records (b) Summary of analysis results
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Fig. 12. Fragility curves of 4-story braced steel building frame at performance levels. (a) Relative displacement of the

story in the near field with pulse (b) Relative displacement of the story in the near field without pulse (¢) Axial deforma-

tion of the brace in the field with pulse (d) Axial deformation of the brace in the field without pulse (e) Rotation of the
frame columns in the field with pulse (f) the rotation of the frame columns of the field without pulse
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Fig. 13. Fragility curves of 4-story braced steel building frame at performance levels for far field records. (a)

Relative displacement of the story (b) Axial deformation of the brace (c) Axial deformation of the brace (d)
Rotation of the frame columns
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Fig. 14. Fragility curves of 8-story braced steel building frame at performance levels. (a) Relative displacement of the

story in the near field with pulse (b) Relative displacement of the story in the near field without pulse (¢) Axial deforma-

tion of the brace in the field with pulse (d) Axial deformation of the brace in the field without pulse (e) Rotation of the
frame columns in the field with pulse (f) the rotation of the frame columns of the field without pulse
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Fig. 15. Fragility curves of 8-story braced steel building frame at performance levels for far field records. (a)

Relative displacement of the story (b) Axial deformation of the brace (¢) Axial deformation of the brace (d)
Rotation of the frame columns

5t



5 NS JW 3 e ol Al g (ol l581 Sl W I Juols il £ QB b Ol S Tas palie A Jgaa

Table 8. The values of the maximum spectral acceleration of the 4-story frame resulting from incremental
dynamic analysis and the median spectral acceleration from fragility analysis
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Table 9. The values of the maximum spectral acceleration of the 8-story frame resulting from incremental
dynamic analysis and the median spectral acceleration from fragility analysis
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Fig. 16. Comparison of the mean spectral acceleration curves for the near and far fieldes. (a) 4-story frame (b)
8-story frame
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