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Abstract. The concentrically braced system is one of the most common lateral load-bearing
systems among the steel structures. This lateral loadbearing system has various apparent forms where
the main characteristic of them all is their significant stiffness and lateral strength. The main weakness of
the concentrically braced system is buckling in compression. This issue causes that concentric bracings
have low compressive load-bearing capacity together with undesirable ductility and limited energy
dissipation capacity. In this study to solve this problem use has been made of a heuristic method. In this
method a local fuse has been used in the middle of bracing where its periphery and inner circumference
have been covered with an auxiliary casing within a casing. The local fuse is designed in a way that after
yielding, the bracing undergoes local buckling at this area. But presence of an auxiliary element placed
around the fuse prevents this local buckling and thus the bracing would exhibit almost a symmetric
behavior during compressive and tensile loadings. Thus the bracing would exhibit a wide and spindle-
shaped hysteresis curve under a cyclic loading with desirable ductility and high energy dissipation
capacity. Also in this article a numerical study is performed utilizing ABAQUS Ver. 6.12 software to make
comparison between concentric bracings with local fuse —auxiliary element (LF-AECB) and usual
concentric bracings (UCB) in terms of ductility, energy dissipation capacity and loadbearing capacity. The
results of numerical studies have indicated the extraordinary better performance of LF-AECB with respect
to that of UCB.

AHHOoTaumA. KoHUEHTpUYECKM CTepHeBasi CcuUCTeMa SBMNAETCSs OAHOW K3 Hambonee
pacnpoCTpPaHEHHbIX Cpeaun CTanbHbIX CUCTEM C NOMEPEYHbIMU HECYLLIMMU KOHCTPYKUMAMUK. 3Ta cuctema
UMeeT pasnunyHble OPMbl, r4e OCHOBHOW UX XapaKTEepUCTUKOW SBISETCH 3HauuMTernbHas XeCTKOCTb U
YyCTOMYMBOCTb MPOTUB nonepeyvHon curbl. OCHOBHBIM HEQOCTATKOM TakoW CUCTEMbI SABNSeTCS u3rmb npu
ckatun. Ota npobnema NpMBOAWUT K TOMY, YTO KOHLIEHTPUYECKME PACKOChbl MMEKT HU3KYID HECYLLYHO
CMOCOBHOCTb MpU CXKaTuM BMECTE C HeXemnaTernbHOW NogaTtnivMBOCTM U OFPaHUYEHHOW CMOCOBHOCTBLIO K
paccenBaHuio 3Heprnn. B aTom uccnegoBaHnm ans pewweHus npobnembsl MCNONb30Bancst 3BpUCTUYECKNIN
mMeTod. MecTHbIN npegoxpaHUTEnb UCNONbL30BariCa B CepenHe packoca, rae ero Kpam U BHYTPEHHAA
OKPY>XHOCTb ObIfnM NOKPbITbI BCMOMOraTebHbIM KOXYXOM BHYTpM Kopnyca. MecTHbIV npegoxpaHuTenb no
CKMMaloLLler Harpy3ke CnpOeKTUpoBaH TakMM oOpas3om, 4YTO mnocre npormbaHust KOHCTPYKUUKM packoc
nogsepraeTcad MECTHOW MOTepu ycToMdmMBoCcTM. HO Hanmuuue BCMOMOraTeribHOro  SnemeHTa,
PacnoNOXEHHOro BOKPYr NPeAOXpaHuTensi, nNpeaoTBpaliaeT 3To, U, Takum obpasom, packoc Oyaet
NPosiBMATbL MOYTU CUMMETPUYHOE MOBEAEeHMEe BO BPEMS CKMMAKLLMX WU pacTArMBaloLWMX Harpysok.
Packoc ByaeT umeThb LLUMPOKYIO 1 BEPETOHOODPa3Hyto METI0 rTMcTepesnca Npy LUMKITMYECKON Harpyske C
ONTUManbHON MOAATNMBOCTBLIO U BbICOKOM CMOCOOHOCTLIO paccerBaTb 3Hepruno. Takke B 3TOM cTaTbe
NPOBOAUTCS YUCIIEHHOE WCCnefoBaHWe C ucnornb3oBaHnem ABAQUS Ver. 6.12 gns Ttoro, 4tobbl
CPaBHUTb KOHLEHTPUYECKMI packoc C MECTHbIM MpefoXpaHuTeNnemM-BCcrnomMoraTensHbIM anemeHTomM (LF-
AECB) 1 06bI4HbIMU KOHLUEHTpudecknmn packocamu (UCB) ¢ TOYKM 3peHns NogaTiMBOCTU, CNOCOBHOCTM
paccenBaHua 3HEPIMN U Hecyllen cnocobHOCTM. Pe3ynbTaTtbl YMCMEHHBIX WCCNEefOBaHUM Mokasanu
nydywwue akcnnyaraumoHHble napameTpsl LF-AECB no cpasHeHuio ¢ UCB.
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1. Introduction

The concentric braced systems are one of the most applicable systems in steel structures. These
systems due to having high stiffness and lateral load bearing with respect to other structural systems
have been under focus of attention. The main weakness of these structural systems is buckling of the
bracing under compressive loading. Therefore when these structures undergo a cyclic loading, they
exhibit an undesirable ductility with low energy dissipation capacity. Hence, researchers from around the
world have performed extensive studies to solve this problem in concentric bracings. In continuation,
some of these studies are cited.

One of the solutions for enhancing ductility and energy dissipation in concentric braced structures
is use of energy dissipation elements located at the intersection of bracings. In this respect application of
the rings made of steel tubes as energy dissipater element at intersection with the bracing has been
investigated both analytically and experimentally by Abbasnia et al. [1]. The results of these studies have
shown that these bracings possess wide and stable hysteresis curves. One of the disadvantages of this
system is the certain dimensions of the steel tubes incorporated in the steel rings which cause
dimensional restrictions. For this purpose Andalib et al. [2], introduced steel rings made of plates as a
replacement for the initial rings and in this respect they have performed an experimental and numerical
study to investigate performance of the mentioned rings. The steel rings made of steel plates include two
semi rings which are connected to the bracing via some connections and form a single ring. The results
of Andalib et al. [2] studies exhibit wide and stable hysteresis curves for the rings made of the steel
plates.

The off-center bracing system (OBS) is one of the invented systems to improve the concentric
braced structures [3]. In this structural system, the tensile element is not straight and when a lateral load
is exerted on the system, its initial geometry changes. Therefore the load-deformation curve of these
systems is in the nonlinear geometric form. Moghaddam and Estekanchi [4] in their study on these
systems found that the load-deformation diagram of OSBs follows a nonlinear hardening pattern with two
yielding points. Then they subjected the single-story and two-story OBS structures to the seismic loading
using this pattern. The results of these analyses indicated that the OBS structural system has a behavior
similar to that of the Base Isolation system and has a good strength against lateral loads. Bazzaz et al.
[5-8] have used a ductile annular steel element to enhance behavior of these systems (OBS-C systems).
The results of this study have exhibited higher ductility and greater energy dissipation of this structural
system with respect to the OBS system. In another study [9] which has been performed to make
comparison between OBS-C systems and diagonal bracing systems with ductile steel rings i.e. DBS-C,
the better behavior of OBS-C system in terms of ductility and energy dissipation capacity has been
observed.

Use of two-level or multi-level control systems is another method for improving the seismic
behavior of structures which has recently been under focus of attention of researchers [10-12]. The main
idea in these structural systems, is combination of different control systems with various stiffness and
strength values which results into desirable energy absorption in the structure for various earthquake
intensities. In one of this study, Zahrai and Vosooq [11] introduced a dual system in which use has been
made of the combination of vertical link beam and knee elements to maintain energy absorption. In this
structural system, in order to improve the seismic performance, the vertical link beam is used as an
energy absorption element in the small loads area and knee elements are used for energy absorption
under intense earthquakes. Another system created for implementing the idea of two-level control
systems, is the passive tube in tube control system.

Use of ductile fuse elements in the diagonals of concentric braced structures, is another method to
improve their seismic behavior. Rezai et al. [13] investigated the effect of different cases of implementing
local fuses on the behavior of bracing elements in an experimental study. The result of their study
revealed that the fuse elements with appropriate lateral restraints exhibit a stable hysteretic response
with high energy absorption and large non-elastic deformation capacity characteristics. In another studies
by Legeron et al. [14] and Desjardins et al. [15], they investigated the application of local ductile fuses in
the concentric bracings with single-angle section to reduce demand of the acting load on the connection
to avoid the need for its strengthening. In this study the tensile capacity of the bracing has been reduced
equal to the connection capacity. The Legeron et al. [14] studies showed that implementing ductile local
fuses would effectively reduce the seismic load demand acting upon the bracing connections and would
prevent their strengthening.

One of the other invented structural systems for improving seismic performance of the structures
with concentric bracings is application of the buckling restrained brace (BRB) [16—20]. In this structural
system attempt is made that using bracings which include a casing and core, the main shortcoming of the
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concentrically braced structural systems which is buckling in compression is removed [16, 17 and 19].The
structures with BRBs, present symmetric and stable hysteresis curves which also have significant
capacity in terms of ductility and energy dissipation. Furthermore, in the BRB structural system, the non-
elastic deformations are entirely and uniformly distributed over the length of buckling restrained bracing
and thus damage to other structural elements is prevented.

In this study a novel method is introduced for improving the seismic performance of concentric
braced frames. In this method, use has been made of a fuse element in the middle of the bracing (Fig. 1).
Design of this element is in a way that after yielding of the bracing at this point, it undergoes local
buckling.

(a) Local fuse position in brace (b) Details of local fuse
Figure 1 Local fuse in LF-AECB

To prevent local buckling of the bracing an auxiliary element in the form of casing within casing is
used at the fuse area, as shown in Figure 2. This auxiliary element which covers the periphery and inner
circumference of the fuse, allows the bracing to resist against local buckling of the fuse and thus prevents
loss of the compressive loadbearing. This issue causes that the bracings equipped with fuses and
auxiliary elements under cyclic loads to have wide and stable hysteresis curves together with desirable
ductility and energy dissipation capacity. Also in this study using ABAQUS Ver. 6.12 [21] a comparison
has been made between performances of the concentric bracings with local fuse-auxiliary element (LF-
AECB) and usual concentric bracings (UCB), under cyclic pseudo-static loads. In continuation, a
complete introduction of LF-AECB bracing and the obtained results from the numerical study will be
presented.

Outter sheath

Connetion plate

(a) View of auxiliary element (b) Section of auxiliary element

Figure 2 Auxiliary element in LF-AECB
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2. Methods
2.1. Introduction of LF-AEBC bracing

LF-AEBC bracings are comprised of two parts. The first part is the local fuse implemented at the
middle of the bracing area and the second part is the auxiliary element placed at the fuse area to prevent
its local buckling. The local fuse used in the bracing, as shown in Fig. 1, is created by reducing the cross
section area of the bracing and has a semi-circular transition zone to prevent stress concentration. To
calculate the cross section area of the fuse, first the demand exerted load on the bracing (P,) should be
obtained from the analyses. After calculating P, from Eq. (1), it is concluded:

Pu = Tu,fuse (1)

where, T, g;iS the ultimate tensile loadbearing capacity of the fuse. The value of T, could be
calculated from Eq. (2):

Tu,fuse = Afyse- Fu 2

In Eq. (2), Aqse and F, are the fuse cross section area and ultimate stress of the bracing,
respectively. Now regarding Egs. (1) and (2), the fuse cross section area could be calculated from
Eq. (3):

pu
Afuse = Fu,fuse (3)

After calculating the fuse cross section area, the required cross section area of the bracing is
calculated. For this purpose according to Eq. (4), the fuse ultimate tensile capacity should be taken less
than 80 % of the yielding capacity of the bracing:

Afuse- Fu,fuse < 0.8.Ag_ Fy (4)

In the above equation, A, and F, are the required cross section area and yielding stress of the
bracing materials, respectively. In the above equation, the reason for selecting a coefficient value of 0.8 is
to ensure lack of overall yielding of the bracing before the fuse reaches its ultimate capacity, as entire
yielding of the bracing causes significant reduced stiffness after its yielding and thus according to Eq. (5),
its buckling capacity also decreases proportionally. This issue causes that before the fuse reaches its
ultimate loadbearing capacity, the bracing undergoes overall buckling and consequently the expected
performance of LF-AEBC bracing system in terms of energy dissipation capacity and expected ductility is
not happened.

2
PCI‘ = Tf)\_ZE (5)

In the above equation, E is the materials elastic modulus and A is the slenderness ratio of the

element under compression. Regarding Eq. (4), the required cross section area could be calculated using

Eq. (6):
A_g > (A_fuse. F_(u,fuse))/(0.8.F_y) (6)

It should be mentioned that with respect to Eqg. (1), the capacity of the bracing designed according
to Eq. (6), is equal to that of the fuse and the loadbearing capacity of the bracing overall cross section
area would not affect its loadbearing capacity.

In LF-AEBC bracings, the fuse length is calculated in a way that the fuse buckling occurs after its
yielding, so that maximum use of the fuse capacity is utilized for dissipating the input energy to the
structure. Respecting this issue, Eq. (7) should be established in LF-AEBC bracings:

l:)Cr,fuse = Tu,fuse (7)

In the above equation, P, s is the fuse buckling capacity. The P, ¢, Value could be calculated
from Eg. (8):
"TZ-E-Imin, use
Per fuse = Lz—f (8)
fuse
In the above equation, I, s and Lgg are the minimum moment of inertia and fuse length,
respectively. Now respecting Egs. (2), (7) and (8) the Ly, value could be calculated from Eq. (9):
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T[Z.E.I in,f
quse < PR (9)
Afuse- Fu,fuse

The second component in LF-AEBC bracings is the auxiliary element. The auxiliary elements
generally include the external and internal areas of the fuse with Imm distance from the fuse walls so
that they could not affect the fuse loadbearing capacity. The philosophy behind existence of the auxiliary
element in LF-AEBC bracing is to prevent local buckling of the bracing in the fuse area. As is evident
from Fig. 2, for bracings with box section, this element is comprised of one internal casing with
rectangular shape and one external casing with four angle-section elements. These two casings are
connected to each other by connecting plates which have passed through the fuse area. The connecting
plates’ lengths should be exactly equal to the fuse length plus the length of its transition areas to prevent
displacement of the auxiliary element over the bracing length. The thickness of connecting plates should
also be taken in a way that they do not buckle over the length. Also the length of auxiliary element should
be taken at least 15cm greater than the two ends of the fuse transition area.

2.2. Introduction of the numerical models

In this study in order to investigate the effect of implementing local fuse together with auxiliary
element on the behavior of concentric bracings, a numerical study utilizing ABAQUS Ver. 6.12 [21] has
been conducted. Regarding that all non-elastic deformations in structures equipped with LF-AEBC
bracings occur within the fuse area, in this study only the behavior of these bracings under cyclic pseudo-
static displacement loads has been investigated, as the behavior of this element under cyclic load would
indicate overall behavior of the structure under lateral loads. According to Figure 3, to investigate the
behavior of LF-AEBC bracings and making comparison between response of these bracings and that of
the concentric bracings, two models of B14 and B20-LF-AE are modeled using Solid Element and with
fixed end condition in ABAQUS Ver. 6.12 [21] software. In this paper, model B14 represents the UBC and
model B20-LF-AE represents the LF-AECB.

(a) B14 (b) B20-LF-AE

Figure 3 Analytical models

The geometric characteristics of structural models are shown in Table 1. Also the materials
characteristics utilized in these models are given in Fig. 4 and Table 2. The cross section area of the local

fuse implemented in model B20-LF-AE has been obtained based on Eq. (3) and assuming that P, value

is equal to 117 Tons. The local fuse length also is selected 20cm based on Eq. (9). Also transition area of
the fuse is a semicircle with a radius of 45.8mm. Regarding the fuse length and the transition area length,
the length of auxiliary element is taken equal to 50cm.

Table 1 Geometric characteristics of structural

Brace |Brace|Brace | LF JTransition Inner Outer Connection Auxiliary
Models . LF area Zone sheath sheath . element
section | area |length |length . . . plate section
radius | section section length
Box
B14 14%14%0 6 32.16|400.00 | none | none none none none none none
Four
B20-LF- Box . wq| 11.411.4"1 "
AE 20*20*0.8 60.80|400.00| 20.00 | 31.55 4.58 [19.8"19.8*1 angle 31 50.00
member

Note: The unite of lengths and areas are Cm and Cm?
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Figure 4 Strain-stress curve of steel material used in the analytical models

Table 2 Material properties used in the analytical models

Element material Elastic Yielding Yielding strain | Final stress | Final strain
Modulus stress
ST37 2000000 2400 0.0012 3700 0.20

Note: The unit of stresses is Kg/Cm?

Model B14 is a UCB with equal cross section and tensile capacity equal to those of B20-LF-AE
bracing. This model is built to make comparison between seismic behavior of LF-AEBC bracings and that
of the UCBs which have equal ultimate tensile capacities. In the next section the responses of the models
are compared to each other. Also to perform pseudo static analysis of the structural models and
comparing their responses, the ATC-24 loading pattern has been utilized according to Figure 5.

= m

[N

Disp (Cm)
s =k

Cycle (number)

Figure 5 ATC-24 load pattern used in pseudo static analysis

3. Results and Discussion

In this section, the results obtained from analysis of models B14 and B20-LF-AE are investigated.
First, the corresponding hysteresis curves of the mentioned models obtained from pseudo-static analyses
are accurately investigated. Then, models B14 and B20-LF-AE are compared to each other in terms of
ductility, loadbearing capacity and energy dissipation capacity.

3.1. Interpretation of model’s hysteresis curves

In this section the interpretation of hysteresis curves has been presented. In Fig. 6 the hysteresis
curve of model B14 has been shown. As expected, this model has yielded at 77 tons load and a
corresponding displacement of 0.5cm. But contrary to what is expected, this model has buckled in the
first cycle of loading after yielding. The reason for premature buckling of the bracing is related to
significant reduction in the plastic stiffness of the material with respect to its elastic stiffness. Based on
the theoretical calculations, the elastic buckling load of model B14 is 458 tons. Therefore its plastic
buckling load would be equal to 1.3 tons, because the plastic stiffness of material is 0.003 its elastic

Kafi M.A., Kachooee A. The behavior of concentric brace with bounded fuse. Magazine of Civil Engineering. 2018.
No. 2. Pp. 16-29. doi: 10.18720/MCE.78.2.

21



NuxeHepHO-CTPOUTENBHBII sKypHaJ, Ne 2, 2018

stiffness. Thus, as during yielding, the available load in the bracing is greater than the plastic buckling
load, the bracing has immediately undergone buckling.

Force (Tom)

Figure 6 Hysteresis curve of B14

Also after yielding, due to hardening of the steel it was expected that model B14 would enhance its
tensile loadbearing capacity with a positive slope in the hysteresis curve, but according to Figure 6, the
opposite was observed. The reason for this reduction in tensile loadbearing capacity after yielding of
model B14 is also related to the premature buckling of this element. This issue is explained in detail in the
next section. Finally model B14 failed at the tensile load of 57 tons and the compressive load of 19 tons
and the corresponding ultimate displacement of 7.2 cm in both tension and compression cases. Figure 7
shows the deformed situation of model B14 for its ultimate cyclic loading.

S, Mises

Figure 7 Deformed shape of B14 in final cyclic loading

The hysteresis curve of model B20-LF-AE has been shown in Figure 8. As seen in this figure, the
hysteresis curve of this model is wide and spindle shaped which indicates desirable and good
performance of this type of bracing in terms of ductility and energy dissipation capacity.

N Force (Ton)

-150
Disp (Cm)

Figure 8 Hysteresis curve of B20-LF-AE
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This model has yielded at 76 tons and the corresponding displacement of 0.33 cm. In this model,
after yielding and due to significant reduction in the stiffness of the materials, the bracing has undergone
buckling. But as was explained before this bracing has been designed in a way that firstly local buckling
occurs in the fuse area and secondly, due to presence of the auxiliary element, local buckling of the fuse
has been prevented. This is clearly seen in the hysteresis curve of model B20-LF-AE. According to
Figure 8, after yielding no loss is seen in the loadbearing capacity of B20-LF-AE bracing and loadbearing
capacity of the bracing is increasing both in the compression and tension. But increase in the loadbearing
capacity has continued till the bracing has reached overall yielding of the section in the compressive load
i.e. a load equal to 146 tons. In this case, as is seen also in Figure 8, the bracing has undergone loss in
its compressive loadbearing capacity. The reason for this issue is that when B20-LF-AE bracing has
reached its overall yielding capacity, buckling is not as local in the fuse area but in this case overall
buckling of the bracing has occurred. Therefore the auxiliary element is no longer able to prevent
buckling of the bracing and loss in the compressive loadbearing capacity has occurred. Correspondingly
and after overall buckling of B20-LF-AE bracing, its tensile capacity has also degraded. The important
issue concerning overall buckling of B20-LF-AE bracing is that loss in the loadbearing capacity in this
bracing has occurred with a lower rate with respect to model B14. Finally, B20-LF-AE bracing also has
failed in the tensile load of 110 tons and compressive load of 82 tons and a corresponding displacement
of 7.2 cm in both compression and tension. Figures. 9 and 10, present the deformation status of B20-LF-
AE bracing for the two cases of the final cycle of loading before overall buckling, and the ultimate loading
cycle, respectively.

S, Mises

(a) General condition of B20-LF-AE (b) Condition of local fuse
Figure 9 Deformed shape of B20-LF-AE in final cyclic loading before buckling

8, Mises
(Avg: 75%)

+3.114e+03
+2.854e+03
+2.595e+03
+2.336e+03
+2.076e+03
+1.817e+03
+1.557e+03
+1.298e+03
+1.038e+03
+7.789e+02
+5.194e+02
+2.600e+02
+5.636e-01

Figure 10 Deformed shape of B20-LF-AE in final cyclic loading

3.2. Comparison between loadbearing capacities of models

To make comparison between loadbearing capacities of models B14 and B20-LF-AE according to
Figure 11, the envelope of hysteresis curves corresponding to these two models have been utilized. As is
seen in this figure, model B20-LF-AE both in the tensile load and compressive load has far greater
loadbearing capacity with respect to that of model B14. In the tension area, as was expected both models
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have yielded in their expected tension capacity. But after yielding the behavior of models has been
entirely different. The tensile loadbearing capacity of model B14 is reduced after yielding which is not
expected. Based on the theoretical calculations, the ultimate tensile loadbearing capacity of this model
should have reached 119 tons due to the steel hardening, but because of overall buckling of the bracing
and permanent lateral displacement due to it, this model could not achieve its loadbearing capacity.

—B20-AE-LF —Bl4
150

100

Forge (Ton)

-
o
A
fa
¥

|
n
s
=
=
£
.

=< <Hi

=150

-200
Disp (Cm)
Figure 11 Comparison between envelope curve of analytical models

When the bracing buckles, it experiences lateral displacement. A portion of this lateral
displacement remains as residual in the bracing after yielding. This issue causes that the bracing could
not become perfectly straight in tension and consequently its tensile loadbearing capacity would reduce.
This is clearly seen in Figure 12. This figure shows permanent lateral displacement of the middle point of
the bracing with respect to the bracing length (residual relative lateral displacement) for different loading
cycles.

~Bl4 ~B20-AE-LF

2 ®

Relative 1 Lteral Disp

03

0 2 4 [ 8 10 n 4 16 18 20 2 24 2% b=} 30 a2 M 36 38 40 42
Cycle (Number)

Figure 12 Comparison between residual relative lateral displacement of analytical models

As is seen in Figure 12, the B14 bracing has experienced significant residual lateral displacement
from the 20th cycle on. This loading cycle corresponds to an axial displacement equal to 2.4 cm. With
respect to the envelope curve of model B14 shown in Figure 11, it is observed that loss in the tensile
loadbearing capacity in this model has also started from a displacement value equal to 2.4 cm and with
increase in the residual lateral displacement in the next cycles its corresponding tensile force has
decreased conversely. Finally, regarding Figure 11, the maximum values of tensile loadbearing capacity
and ultimate tensile loadbearing capacity in B14 bracing are 77 tons and 57 tons, respectively. But
concerning model B20-LF-AE, the issue is entirely different. The reason is that in this model due to the
presence of auxiliary element, the fuse local buckling has been prevented after yielding and thus the
bracing not only has not undergone loss in its tensile loadbearing capacity but also its tensile capacity
has increased. This increase in the loadbearing capacity has continued up to a load equal to135 tons but
after it due to the overall buckling of the bracing, this model has also undergone loss in its tensile
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loadbearing capacity. This issue is evident in Figure 12. As is seen in this figure, model B20-LF-AE from
cycle 33 on, has experienced a significant residual relative lateral displacement (greater than 0.01 which
is equivalent to a lateral displacement greater than 4cm). This cycle corresponds to an axial displacement
equal to 5.3 cm, where according to the envelope curve of model B20-LF-AE shown in Figure 11,
reduction in the loadbearing capacity of this model has started from this displacement and with increase
in the lateral displacement in the next cycles, the corresponding tensile force has decreased, conversely.
Albeit it is essential to state that the rate of reduction in the tensile loadbearing capacity in model B20-LF-
AE has been considerably less than that of model B14 due to the presence of auxiliary element. This
issue is also evident from Figures 11 and 12, so that according to Figure 12, the maximum residual
lateral displacement in model B14 was about 29 cm whereas this value in model B20-LF-AE is 69 % less
and was equivalent to 9 cm. For model B20-LF-AE also the maximum tensile capacity and ultimate
tensile capacity values were 135 tons and 110 tons, respectively. These values were 75 % and 93 %
greater than the corresponding values in the model B14, respectively.

As is seen in Figure 11, in the compressive area of model B14, immediately in the first cycle of
loading after yielding which corresponds to a load value of 77 tons, has buckled due to reduced Post-
elastic stiffness of materials. Regarding Figure 11, the maximum compressive loadbearing capacity and
ultimate compressive capacity in model B14 have been 79 tons and 19 tons, respectively. For model
B20-LF-AE also after yielding of the fuse, the bracing has undergone local buckling in this area. But due
to presence of the auxiliary element, this bucking is prevented and compressive loadbearing capacity of
the bracing is increased. Increase in the compressive loadbearing capacity in model B20-LF-AE has
continued up to a load value of 146 tons, which corresponds to yielding of the overall section of the
bracing in this model. But immediately after this load and due to reduced post-elastic stiffness of the
materials, the bracing has undergone overall buckling. Albeit it should be noted that due to presence of
the auxiliary element, the rate of reduction in the compressive loadbearing capacity in this bracing is
significantly less than that of model B14. This issue could be completely observed comparing envelope
curves (Fig. 11) and residual relative lateral displacements of the two models (Fig. 12). Finally and with
respect to Figure 11, the maximum and ultimate compressive loadbearing capacities in model B20-LF-AE
were 146 tons and 82 tons, respectively. These values were 85 % and 331 % greater than their
corresponding values in model B14, respectively. In Table 3, a comparison has been made between the
maximum and ultimate tensile and compressive capacity values in models B14 and B20-LF-AE.

Table 3 Loadbearing capacity of models

Models Max Tension Capacity Firg;r"l':g%i/on Max Compression Capacity FinaICCaoF:ggirg/ssion
B20-AE-LF 135 110 146 82
B14 77 57 79 19
Ratio 1.75 1.93 1.85 4.32

Note: The unite of forces are Ton
3.3. Comparison between ductility in the structural models

In this section comparison has been made between ductility in models B14 and B20-LF-AE. The
ductility coefficient values have been obtained separately for the tension and compression areas. In the
tension area, the ductility coefficient value, according to Eq. (10), has been calculated by the ratio of the
ultimate movement, §Iwhich is equivalent to a corresponding movement equal to 70 % of the maximum
force in the bracing in the tensile area to the yielding movement, §,,.

T
W= (10)

=3
Based on Figure 11, the §,value for models B14 and B20-LF-AE are 0.5cm and 0.33 cm,
respectively. Also the 87 value for both models is 7.2 cm. Thus based on Eq. (10), the tensile ductility

coefficient value for models B14 and B20-LF-AE are 14.4 and 21.8, respectively. In other words in the
tensile area the ductility coefficient value of model B20-LF-AE has been 1.5 times that of model B14.

In the compression area also the value of ductility coefficient, according to Eq. (11), has been
calculated from the ratio of ultimate movement, §$, which is equivalent to the movement corresponding to
a force equal to 70 % of the maximum force of bracing in the compressive area, to the movement
corresponding to the first buckling in the model i.e., 6z5.

C
ue =% (12)

" 6rp
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As two models have undergone buckling immediately after yielding, their 65 value is equal to their
&, value. Also according to Figure 11, the 8§ values of models B14 and B20-LF-AE are 2.09 cm and
5.25cm, respectively. Then based on Eq. (11), the compressive ductility coefficient value of models B14
and B20-LF-AE are 4.18 and 15.9, respectively. In fact the ductility coefficient of model B20-LF-AE is
3.8 times of that in model B14.

Thus in general and regarding the topics discussed in this section, it is found that LF-AEBC
bracings in comparison to the UCBs, exhibit considerably much better ductility. Also in Table 4, the
tensile and compressive ductility coefficient values in models B14 and B20-LF-AE have been compared
to each other.

Table 4 Ductility of models

Models Yiel_ding Final '!'ensionTension I?uctility First B_uckling Final Cor_npression Con![?ressio_n
Disp Disp Ratio Disp Disp Ductility Ratio
B20-AE-LF 0.33 7.20 21.82 0.33 5.25 15.91
B14 0.50 7.20 14.40 0.50 2.09 4.18
Ratio 0.66 1.00 1.52 0.66 2.51 3.81

Note: The unite of displacements are Cm
3.4. Comparison between dissipated energy capacities by the structural models

As is in Figures 6 and 8, model B20-LF-AE having a wide and symmetric hysteresis curve,
guarantees high energy absorption in this model under lateral loads. Furthermore as is seen in Figures 9
and 10, damage concentration in this model has occurred in the fuse area and this means that in the
braced structures with LF-AEBC bracings under lateral loads, the main structural elements are kept safe
from damage and inelastic deformations remain in the bracing and are concentrated in the fuse area. To
perform a more accurate investigation of the dissipated energy in the numerical models and comparing
them to each other, the cumulative dissipated energy (CDE) curves in each loading cycle for models B14
and B20-LF-AE have been shown in Figure 13.

~Bl4 ~B20-AE-LF

"

Millions

5
+

Dissipated Energy (Kg.Cm)

0 — = =
0 6 12 18 24 30 36 42
Cycle (Number)

Figure 13 Comparison between cumulative dissipated energy (CDE) of analytical models

As is seen in this figure, the maximum absorbed energy by model B14 was equal to
13047 tons.cm, while this value for model B20-LF-AE was equal to 32016 tons.cm. This means that the
amount of overall dissipated energy by bracing B20-LF-AE was 2.45 times of this value for the UCB in
model B14. Then regarding that the design loadbearing capacity in both bracings is the same, it is
concluded that LF-AEBC bracings have a much better performance in dissipating energy exerted upon
the structure with respect to their corresponding UCBs. Also to investigate the effect of overall buckling
on the amount of dissipated energy in the bracing, the relative dissipated energy (with respect to the
displacement corresponding to each loading cycle) i.e., ECDE/Disp, in each cycle has been shown in
Figure 14.
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Figure 14 Comparison between ECDE/Disp of analytical models

As is seen in this curve, for model B14 up to cycle 20 of the loading, where no overall buckling has
occurred, the curve has an ascending trend which indicates increase in the amount of relative dissipated
energy in each loading cycle but immediately after occurrence of buckling of the bracing in the 20th
loading cycle, the slope of the curve has turned negative and the amount of relative dissipated energy by
model B14 has decreased from this loading cycle on. For model B20-LF-AE also this issue is clearly
observed. In this model up to the 33th loading cycle, where overall buckling of the bracing has not
occurred, the curve has exhibited an ascending trend which indicates increase in the amount of relative
dissipated energy in each loading cycle, but from this loading cycle on where overall buckling has
occurred, the slope of the curve also has turned negative and the amount of relative dissipated energy in
each cycle has taken a descending trend. The important issue concerning B20-LF-AE bracing is that till
overall buckling of the bracing in the cycle 33, the positive slope of the curve is also decreasing. The
reason of this is related to the fuse confined capacity. In fact after complete yielding of the fuse and
reaching its maximum loadbearing capacity, there is no ascending trend for relative energy absorption
and the slope of the curve turns zero and then negative. This case is the best and most ideal possible
case for absorbing the input energy to the structure and design of LF-AEBC bracing should be in a way
that this kind of energy absorption occurs in the bracing. But in this model, before the slope of the curve
turns negative, due to reaching the fuse its maximum capacity, the bracing undergoes overall buckling
and this factor has caused negative slope in the curve as shown in Fig. 14 and reduced relative energy
absorption by the bracing in each loading cycle. Also comparing the EDCE/Disp curves for models B14
and B20-LF-AE, as shown in Figure 14, it is observed that after overall buckling, the slope of the curve for
model B14 decreases with a higher rate in comparison to the slope of the curve corresponding to model
B20-LF-AE. This is due to the presence of auxiliary element in model B20-LF-AE and also proves
positive performance of this element in the post-buckling behavior of concentric bracings.

4. Conclusion

In this study a complete introduction to the new LF-AEBC bracings has been presented to improve
the seismic performance of concentric bracings. In this respect two numerical models of B14 and B20-LF-
AE, which represent UCB and LF-AEBC, respectively, have been modeled utilizing ABAQUS Ver. 6.12
[21] and are subjected to the displacement cyclic pseudo-static loading. Then the results of these
analyses in terms of loadbearing capacity, ductility and energy dissipation capacity have been compared
to each other. In the following the general results obtained from these analyses are presented:

e The hysteresis curve obtained from the analyses results for model B20-LF-AE is a wide
spindle-shaped and stable curve. This curve indicates that LF-AEBC bracings could solve the main
problem associated with concentric bracings which is buckling and ultimately present a symmetric
hysteresis curve.

o Based on the results obtained from this study, the concentric bracings which have an elastic
buckling capacity greater than their yielding capacity, immediately after yielding and due to considerable
reduced stiffness of their materials, undergo buckling. This issue should be considered in the design of
concentric bracings, otherwise design of these structures would be incorrect.
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e Generally and based on the obtained results from this study, the LF-AEBC bracings have
significantly greater maximum and ultimate tensile and compressive loadbearing capacities in
comparison to their corresponding concentric bracings, so that the maximum and ultimate tensile
loadbearing capacity of LF-AEBC bracings are about 75 % and 90 % greater than their corresponding
UCB bracings, respectively. These values in the compressive area for LF-AEBC bracings are 1.85 and
4.3 times that of their corresponding UCB bracings, respectively.

e  Generally and based on the results obtained from this study, the residual lateral displacement
due to overall buckling of the bracing causes reduced tensile loadbearing capacity of the bracing and with
increase in this displacement, the tensile capacity of the bracing decreases, conversely. It is important to
consider this issue that in LF-AEBC bracings with respect to UCB bracings, the rate of reduction in tensile
loadbearing capacity is much slower due to presence of the auxiliary element.

e Based on the study results, the tensile and compressive ductility coefficients in LF-AEBS
bracings are about 50 % and 280 % greater than their corresponding values in UCB bracings,
respectively. This issue indicates the significant impact of implementing LF-AE fuse in concentric bracings
to improve ductility in these bracings.

e Based on the results of this study, the amount of dissipated energy by model B20-LF-AE was
about 2.5 times of this value for model B14. This issue indicates the much better behavior of LF-AEBS
bracings with respect to their corresponding UCB bracings. Also the results of this study showed that in
general, the overall buckling of the bracing results into reduced relative dissipated energy in each loading
cycle. This reduction occurs with a lower rate for LF-AEBC bracings with respect to UCB bracings, which
is due to presence of the auxiliary element and also proves positive performance of this element in the
post-buckling behavior of concentric bracings.
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