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system has a variety of types, characterized by its main
performance  properties as  bearing  capacity,  stiffness,

gﬁmtr;s' performance ductility, anq energy dissipatior_w. Studies revga_led
Concentr,ic bracing: tha}t _the brace system is a valuable option for retrofitting
Buckling; existing steel and reinforced concrete structures. However, the
Energy dissipation: bracing system_guffers a Weqkness called a>_<|al buclfllng of t_he
Seismic response; brace under critical compressive load, reducing bearing capacity
Eccentrical innovative and interrupting  energy  dissipation. To  address this
connection. imperfection and induce the seismic response of the

concentrically braced frames, several methods proposed to
optimize the performance of concentric braces as; using ductile
connections, incorporating shear  dissipators, hydraulic or
mechanical dampers, frictional dissipators, and restrained
braces to avoid buckling. Therefore, in this study, an innovative
geometry of brace-to-frame connection is investigated to
enhance the concentric brace's performance. The local
dissipative fuse system is used to connect the steel channels
with the gusset plate at one or both ends and at the time of the
earthquake the dissipator yields before the brace buckles and
forms a flexible plastic hinge, consuming a significant amount
of earthquake energy. Similar studies have been performed
earlier but the valuable tensional capacity of the braces was
affected. Thus, the innovative method aims to maintain the
tensional capacity of the brace in addition to buckling
prevention and energy dissipation. Also, the dissipators have a
post-earthquake  ability to easily provide and replace.
Consequently, the numerical work performed in this study
effectively prevents buckling, and enhanced energy dissipation
while maintaining the full tensional functionality of the brace.
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1. Introduction and literature review

Seismic functional structures with concentric
braces are a concern for the designer because
of their deprived ductility [1]. Along with that,
the proper performance behavior of concentric
braces for lateral resisting system suggests
appropriate stiffens, strength, and energy
dissipation capability [2]. So, plentiful studies
conducted to improve the performance
behavior of the concentric braces and several
methods have been proposed to improve the
ductility and buckling vulnerability of
concentric braces. Overall, active, passive, and
semi-active control systems are considered to
dissipate earthquake energy, while passive
control methods represent the simplest and
most economical mechanisms for resisting
lateral forces [3—6]. Based on the recent
earthquake guidelines and norms, a structure
should experience inelastic behavior under
moderate earthquake [7] Along with that,
numeral passive energy dissipating systems are
studied and reliable references are addressed to
assess the outcome of the analysis and design
of structures with passive energy dissipating
system [8]. Also, local dissipative devices
incorporated on braces successfully dissipated
remarkable earthquake energy and reduced
damage and loss of lives [3].

Hereafter, An experimental and numerical
investigation was performed to evaluate
concentric brace equipped with steel rings [9-
11]. Another study incorporated steel a ring on
diagonal brace and successfully improved its
cyclic behavior. Steel rings are also used as
performance off-center
diagonal brace [12-14]. A diamond-shaped
diagonal brace is linked with a steel ring for

improvers  with

improving its cyclic performance behavior
[15,16]. The circular yielding element and
brace bars act inversely when a cyclic load is
applied to the diagonal brace. In a different

research, three types of connections; rigid,
semi-rigid, and pinned were used to evaluate
the system performance [15]. The result
denoted that steel rings with slighter
dimensions and thickness absorb more energy
and represented enhanced resisting capacity.

In a different research, two types of dissipative
brace to column connections; Pins (two types)
and U shape devices evolved for absorbing
earthquake  energy [16,17].  Structural
parameters such as the type of dissipative
connections, the slimness of the bracing
elements, the stiffness of the connection, or the
thickness of the plates were keenly assessed.
The study aims to develop design applied rules
defining  appropriate
structural dissipative connections. Thus, steel
frames incorporate with dissipator
experimented for large plastic deformation
without collapsing system functionality,
performance, and dissipated energy [18,19].

measurement  for

A nonlinear finite element model was defined
to evaluate the seismic behavior of the ring
damper in the center diagonal brace using
ABAQUS software [19]. Therefore,
incorporating steel ring damper in brace
systems caused enhanced early stiffness,
bearing capacity, distortion, and energy
absorption [11,14,18,20-22]. In a separate
research steel ring filled with compressive
plastic or high-performance fiber-reinforced
concrete was incorporated into the connection
of braces to enhance its performance behavior
and dissipate earthquake energy [23,24]. The
study performed under cyclic loading
experimentally and numerically employing the
finite element method ABAQUS software
resulted in a wide range of hysteresis loops
and  amplified performance  behavior.
Likewise, a local eccentricity of brace-frame
connection evaluated to address its effect on
the nonlinear behavior of the concentric brace
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[25-27].In addition, a study aimed to retrofit a
reinforced concrete frame with concentric steel
brace and eccentric steel brace to improve its
performance [28,29].

Consequently, this study aims to improve the
performance of concentric braces, through a
device with an exclusive geometry that
sustains non-elastic deformation and dissipate
earthquake energy. The eccentrical yielding
elements are incorporated in a connection joint
of the brace to frame, dissipating earthquake
energy and prevent buckling. The mechanism
is considered as an innovative method to use
most of the tensional capacity of concentric
braces. Such eccentrical yielding elements
concerning to the story drift can be installed in
one or both end joints of the brace. The ductile
zones as energy dissipators have been studied
analytically based on finite element methods
by ABACUS software resulted that a brace
with eccentric elements subjected to cyclic
loading presenting a steady and wide
hysteretic curve and can easily prepare and
replace. Analytical observations verified that
the proposed local plastic mechanism caused
the structural members to remain elastic.
Furthermore, the destruction is restricted to the
yielding elements with the capability to easily
provide and replace when the waves are over.

of the

2. Description eccentric

yielding elements

Formed steel plates with the unique geometry
connecting brace-frame joint through gusset
plate to improve the performance. The two
parts of circle conforms to a ring of semi-circle
named C-shaped Dissipative Devices (CDD)
Fig. 2. The thick c-shaped dissipators
decentralize the earthquake force employed
through the moment frame to the brace bar
Fig. 1. The objective is to
performance, dissipate energy, and prevent

improve

buckling while the full tensional capacity of
the brace utilized.

I
|
Il

M
Il

I

J
I
I
|
|

e, ,CDD 10x2
" ’\\ / . X
N .

R

f\ y & 'S Q1
\/ N S UNP 8(3/
NG N
T b
'.‘ /
‘-.\ /
"1 \ \/\.
\‘. / \\
‘Wellded C cti /
ellded Connection \Bolts M16

Fig. 1. Brace to frame connection.

The assigned geometry of CDD is designed to
behave inelastically before the brace in
compression and let the brace to yield in
tension. That behavior improves earthquake
energy dissipation and unlike other dissipators
does not affect the tensional capacity of the
brace.
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Fig. 2. Side view of CDD, units in cm.

The destruction during an earthquake is
restricted to the CDD and shows large
deformation and plastic hinges formed in
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CDDs absorbing more energy compare to
conventional concentric braces.

In addition, the dissipative devices provide a
stable bed for welding and or bolted
connection. Even though, the current draft in
Fig. 1 and 2 is only mentioned as a bolted
option.

A braced frame equipped with CDD type
connection  represents  the  following
advantages compared to traditional braced
steel frames:

e Compatibility with seismic design criteria

e Damage concentration only at CDDs

e Buckling prevention

e Contrary to other dissipators, CDD allows
to use the full tensional the capacity of the
brace

e The CDD remains functional in all cycles,
even at huge story drifts

e Low-cost and easy replacement after the
earthquake

3. The method of model analysis

In regard to examining the hysteretic behavior
of concentric brace with embedded dissipative
devices, a nonlinear static analysis with a
displacement-controlled cyclic loading model
is analyzed. The hysteretic loops of a
Concentric Brace equipped with C shape
Dissipative Devices (CB-CDD) are presented
in Fig. 3 and finally compared with the
performance of a Traditional Concentric Brace
(TCB). The CB-CDD model is designed to
optimize the system's ductility and avoid
compressive  buckling. Exclusively, this
research aims to utilize the brace's full tensile
functionality while preventing buckling under
pressure. To accomplish this objective, the
tensional capacity of dissipative devices
should be more than the brace bars to let the
brace use its full tensile functionality in

tension and eccentrically deform before the
brace buckle in compression.

Force (kN)

-500 Displacement (mm)
Fig. 3. Hysteresis Loops of CB with CDD.

The fact of using reduced bearing capacity is
already considered in an experimental study by
other researchers [2,9,12,14,25,26,28,30-33].
Fig.4 represents the test configuration of a
steel ring used as fuse with reduced capacity.

S s

F ig. 4. Diagnal brace ncc;;porated?[l2].‘
In this study, the rule of design is to increase
the bearing capacity of dissipative devices and
let the brace to yield in tension while the
geometrical eccentricity cause to yield CDD
before the brace buckle in compression. The
buckle is controlled and limited only to the
yielding elements and all other members
remain elastically functional in compression.
Eventually, the yielding elements are capable
to be replaced for the next duty whenever lose
its functionality.
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4. Verification of numerical analysis
with experimental data

A diagonal concentric brace with a steel ring
as a yielding device incorporated in a one-
floor single-bay steel frame experimented and
the performance of the brace was improved
successfully [29]. So, in this study the data of
the experiment compared with the result of the
numerical analysis to validate the software
functionality Fig. 5. The dimensions of the
yielding devices in the experiment in mm are
T12, L150, and external R220 and initially
cast from a steel plate. As presented the
hysteretic loops attained from the numerical
analysis well-matched the experimental data
Fig. 5.

150-
U
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1
'/p acement (mm)

y 0 L

== == 5T 37712 Analytical

—— ST 37712 Experimental

Fig. 5. Comparison of experimental and numerical
hysteresis loops.

5. Load history

The cyclic load applied is symmetrical and is
comparable to earthquake loads suggested by
the method explained in code ATC-24 [34].
Based on the guideline provided by the code,
the load history should follow the steps offered
in Fig. 6. In this loading history, the steps
noted as;

d; — Represents maximum load displacement

n; — Loading cycles for specific d;

A - Displacement where the yielding elements
start to yield

Thus, the loading history used for this specific
model is presented in Table 1 and Fig. 7.
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Fig. 6. Load history method in code ATC- 24.
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6. Performance of concentric brace
equipped with CDD

The dissipative devices used in this model are
named as T20L100R150, where the letters T,
L, and R respectively represent dimensional
properties as thickness, width, and curve ray
all in mm. The outcome of applied cyclic load
to the model plotted as force-displacement
hysteretic loops presented in Fig. 8 and 9
denotes the hysteresis loops and performance
envelope or backbone for the concentric brace
supplied with CDD. The result indicates that
the brace performance behavior effectively
improved under cyclic loading, neglected to
buckle, and used the full tensional capacity of
the brace.
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Table 1. Loading history used for the model.

Cycle  Displacement (mm) Cycle

Displacement (mm)  Cycle  Displacement (mm)

Fig. 8. Hysteresis Loops of CB with CDD.

600
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200
100
0
-8 -6 -4 -1Q0

= Force (kN)

-500 Displacement (mm)

Fig. 9. Hysteretic envelope of CB- CDD.

Von misses stress contour Fig. 10 indicates
that CDDs are functioning as the front-line
fuse restricting damage to dissipative

1 0 0 17 33 -3.3 33 6.82 -6.82
2 0.11 -0.11 18 3.52 -3.52 34 7.04 -7.04
3 0.22 -0.22 19 3.74 -3.74 35 7.26 -7.26
4 0.44 -0.44 20 3.96 -3.96 36 7.48 -7.48
5 0.66 -0.66 21 4.18 -4.18 37 7.7 -7.7
6 0.88 -0.88 22 4.4 -4.4 38 7.92 -7.92
7 1.1 -1.1 23 4.62 -4.62 39 8.14 -8.14
8 1.32 -1.32 24 4.84 -4.84 40 8.36 -8.38
9 1.54 -1.54 25 5.06 -5.06 41 8.58 -8.58
10 1.76 -1.76 26 5.28 -5.28 42 8.8 -8.8
11 1.98 -1.98 27 5.5 -5.5 43 9.02 -9.02
12 2.2 -2.2 28 5.72 -5.72 44 9.24 -9.24
13 242 -2.42 29 5.94 -4.94 45 9.46 -9.46
14 2.64 -2.64 30 6.16 -6.16 46 9.68 -9.68
15 2.86 -2.86 31 6.38 -6.38 47 99 -99
16 3.08 -3.08 32 6.6 -6.6 48 10 -10
600 elements, while Fig. 1l  represents
500 displacement contour.
40
= _
X S, Mises
) {(Avg: 75%)
2 +4.315e+08
S ! +3.95504+08
+3.596e4-08
L +3.236e+08
-10 -8) -4 -4 - 4 |6 8]10 +2.877e+08
+2.517e408
| +2.158e+08
+1.798e+408
4 +1.439e+08
+1.079e4-08
- B i
-500 Displacement (mm) 13: 555e+07

U, uli

+9.803e-03
[ +8.1692-03

+6.535e-03
+4.902e-03
+3.268e-03
+1.635e-03
+9.865e-07
-1.833e-03
-3.266e-03

-4.900e-03
-5,533e-03
-8.167e-03

-9.801e-03

Fig. 11. Displacement contour of CDD.



98 A. Attal; ML A. Kafi/ Journal of Rehabilitation in Civil Engineering 12-1 (2024) 92-105

The hysteresis envelop displays the tolerable
tensile load achieved to 536.5 kN indicating
the maximum capacity of the brace channels,
while the tolerable compressive load in the
nonlinear zone is 405.5 kN limited to the
maximum capacities of the CDDs Fig. 9. In
addition, maximum displacement reached at
9731 mm in tension and 97.8 mm in
compression.

Therefore, the mechanism has effectively
created plastic hinges in CDDs and prevent the
brace to buckle in compression Fig. 12. The
brace channels in tension yield before the
CDDs yield, that means the full functionality
of the brace is utilized as proposed Fig. 13.
One might raise the question of why the CDDs
yielded in tension Fig 13, the answer is that
only the surface elements of the plastic hinge
rise the residual stress which displaced
plastically under maximum compressional
load.

5, Misas
{Avg: 750u)

+4.31 52408
l +3.955a+08

+3.596a+08
+3.2362408
+2.8772408
+2. 517a+08
+2.158a+08
+1.798e+08
+1.4382408

+1.079e4-08
E +7.194a+4+07

+3.59824+07
+2.514=404

Fig. 12. Von Misses stress normal conditions

5, Mises
{(Avg: 75%)

+4.31 52408
[ +32.9552408

+3.596=4-08
+3.236a+08
+2.877e+08
+2.517a2408
+2.158a408
+1.798=408
+1.43%9=+408

+1.07924-08
[ +7.1962407

+3.601=e407
+5.75%=2404

Fig. 13. max. stress in tension.

Fig. 14 demonstrates a considerable amount of
energy dissipated by the structure. In addition,
the hysteretic envelope Fig. 9 shows the
maximum amount of displacement of 97.31
mm while the displacement at the end of the
elastic zone is 2.7 mm. Thus, calculating the
ductility factor () is intended as;

__Amax _ 973
K Ay 2.7

=36.03 (1)

So, another factor imperfects performance of
the concentric brace satisfied as the ductility
improved immensely.

100000

80000

60000

40000

Energy (Joule)

20000

0 Cycle

01234567 89101112

Fig. 14. Load-cycles- energy dissipated for model
CB-CDD.
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The ratio of nonlinear to linear bearing
capacity of concentric brace with dissipator is
1.94. In addition, the ratio of dissipated energy

in the last nonlinear to linear loading cycle is
35.7.

Table 2. Result comparison of models TCB and CB-CDD.

E
=)
MODEL E p—max EE-max Pp—max PE—max EP—max PP—max M
(JOULE) (JOULE) (KN) (KN) E 2 Pp
E—max E—max (P_E)max
CB-CCD 77980.6 2184.4 536.5 277 35.7 1.94 18.4
TCB-NO 51251.8 3756.3 542 483 13.64 1.12 12.18
FUSE

EP-max : Energy value in the last nonlinear cycle

EE-max : Energy value in the last linear cycle

PP-max : Force value in the last nonlinear cycle

PE-max : Force value in the last linear cycle

Ep—max . Thg ratio of energy in the last nonlinear cycle to energy in the last linear cycle

EE—max

PP—maX

PE—max

By other means, the dissipated energy in the
last nonlinear cycle is 35.7 times more than the
energy dissipation in the last linear cycle.
Displacement to cycle plot is presented in Fig.
15.

12.0
10.0 -
>
8.0 &£
60 O
g
40 8
=
20 2
()]
00 — Cycle
012 3 456 7 8 9101112

Fig. 15. Displacement. — loading cycles plot for
model CB-CDD.

The overall nonlinear to linear dissipated
energy ratio proportion to the nonlinear to
linear bearing capacity is 35.7 as presented in
Table 2.

In addition, force to energy ratio presented in
Fig. 16 displays that the energy gradient curve

: The ratio of force in the last nonlinear cycle to force in the last linear cycle

increases at late loading cycles. The late
steepness of the gradient curve represents the
dissipation of an enormous amount of energy
in proportion to the tiny variation of load. The
plot of cumulative dissipated energy to the
number of cycles also steeped at late cycles.

100000

80000

60000

40000

Energy (Joule)

20000

0 Force (kN
-50 50 150 250 350 450 550

Fig. 16. Force-energy plot of CB-CDD.

Fig.17 demonstrates the amount of cumulative
energy per loading cycle for model CB-CDD.
The late steepens indicate the functionality of
the plastic hinges.
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400000
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300000 é%
250000 &
200000 &
150000 2
100000 '§
50000 3

0 Cycle
0O 2 4 6 8 10 12

Fig. 17. Load cycles-cumulative energy.

The same analytical process was performed for
TCB and compared the result with the CB-
CDD model. The hysteresis loops for TCB are
presented in Fig. 18.

-600 ' Displacement (CM)
Fig. 18. Hysteresis loops for model TCB.

Fig. 18 and 19 exhibit the maximum bearable
tensile capacity for TCB while critical force at
compression caused the brace to buckle.

600
400

=

= 200

S

-400

-600 Displacement (CM)

Fig. 19. Hysteretic envelope for model TCB.

Since, the anticipated plan was to retain the
tensile original capacity of the concentric
brace while improving its compressive
performance, while the compressive bearing
capacity of model TCB displays only 46.6 kN
at the displacement of 9.66 cm. However,
tensile performance demonstrates the same
capacity and behaves under cyclic load as the
CB-CDD model Fig. 19. Comparing the
energy-load cycles for model TCB presented
in Fig. 20 to Fig. 14 displays decline for TCB.

60000

50000

40000

30000

20000

Energy (Joule)

10000
Cycle

01 2 3 456 7 8 91011
Fig. 20. Energy-cycles plot for model TCB.

0

The gradient of the curve increases when the
load intensifies and drop of energy dissipation
caused by the buckle.

250000
)
E
200000 3
>
g0
150000 @
(]
(]
100000 -2
©
E
50000 £
O

0 Cycle
01234567 89101112

Fig. 21. Cumulative dissipated energy- load cycles
for model TCB.

However, the energy dissipation dropped in
the 6™ and 7™ cycles because the brace
incompression yields nonlinearly Fig. 20. The
loading cycles are associated with the
cumulative energy presented in Fig. 21. Even
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though the tolerable compressive capacity of
the brace is considerably reduced in late

cycles, the energy dissipation is still amplified
because of the increased displacement.

Table 3. Result comparison of force-loading cycles and energy.

Model Model CB with CDD TCB
Ap max (CM) 9.73 9.8
Af max(CM) 0.4 0.4
n 348516.1 229082.6
D E O
i=1
m 2184 .4 3756.3
D E O
i=1
AP max ~ AE max 23.3 235
AE max
. Qi E — Xt E; 34633.17 22532.63
T (n-m
By = Z{’LY;EL- ) 2184.4 3756.3
Ep 15.85 6.0

Ap max: Axial displacement of brace in the last nonlinear cycle

AEe max: Axial displacement of brace in the last linear cycle

1 E;: Total energy in 10 loading cycles
i1 E;: Total energy in 1 loading cycle

Qi Ei—X E
(n—m)

(w39

P

P

L: Dissipated energy per loading cycle in nonlinear zone

Ep = jn—lE (J): Dissipated energy per loading cycle in linear limit zone

E—P: The ratio of dissipated nonlinear energy to linear energy per loading cycles
E

7. Result and performance
comparison of models CB-CDD and
TCB

Hysteresis loops of concentric brace equipped
with yielding elements are presented in Fig. 7.
The maximum tolerable tensile capacity for
both models is well matched. The method of
displacement controlled cyclic load with

maximum displacement amplitude of 100 mm
was applied to evaluate the models' cyclic
performance. The same technique is used to
compare the cyclic performance of TCB and
CB-CDD Fig. 24.

The capacity of energy consumption for
models TCB and CB-CDD is compared in Fig.
22.
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Therefore, the analytical result of model CB-
CDD presents 1.73 times more tolerable
capacity than TCB. As anticipated the same
tensile capacity for TCB and CB-CDD models
denotes the full utilization of the tensional
functionality of the brace Fig. 24, while the
compressive behavior of the CB-CDD model
considerably improved. In terms of energy

dissipation, the brace with dissipator absorbed
348516.1 J.

whereas the traditional concentric brace
dissipated only 229082.6 J. Thus, the
improved model dissipates 1.52 times more
earthquake energy compares to the TCB
model.

80000
70000
60000
50000
40000
30000
20000
10000

0

Energy (Juole)

0 2 4

6 8 10 12

Fig. 22. Cycle-energy comparison for models TCB and CB-CDD.

30000 ----CBwithCDD ——TCB .
!
60000 o !
> '
o 1
40000 = H
0 0
() ]
c
20000 w
0 —a =
Force &kN)
0 100 200 300 400 500 600

Fig. 23. Tensile force-energy compared for models TCB and CB-CDD.

Forc"._g (kN)

Displacement (cm)

Fig. 24. Hysteresis loops comparison between TCB and CB-CDD.
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The obtained force value of 536.5 kN for CB-
CDD under cyclic loading dissipated 348516.1
J. energy, while the maximum force obtained
by model TCB is 537 kN, and the energy
dissipated 229082.6 J. Even though the
tensional side for both models is designed to
achieve the same performance in compression,
however, the improved CB-CDD model
dissipated 52.14% more energy.

The cycle to displacement plot shows that both
models behave pretty much the same and no
need to strengthen the CB-CDD model for
improved performance.

8. Conclusions

The proposed goal of this research is to assess
a concentric brace equipped with c-shaped
dissipative devices to improve compressional
behavior but maintain the tensional capacity of
the brace. Therefore, the concentric brace with
the yielding elements demonstrates enhanced
ductility and improved cyclic performance
while presented a similar tensile behavior.

Low cost of construction and ease of
replacement and installation of the dissipative
devices represent further advantages. A
comparison of the obtained performance
results for both models show effective role of
the dissipative devices in CB-CDD acting as a
first-line defensive fuse against earthquakes.

The value of energy dissipated by the CB-
CDD is 1.52 times more than the TCB, also
acting as the first line of defense against
earthquake shakes helped the main structure to
maintain its tolerable capacity. In other words,
the studied CDD dissipated an enormous
amount of earthquake energy, prevented
buckling, and  represented  improved
performance behavior. More predominantly,
opposite to other performance improving
methods, CDDs lets the brace to utilize its full
tensional tolerability.
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