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A B S T R A C T

Several studies have been performed to increase the ductility of concentric braces in the past decades.
Incorporating an energy-dissipator member in the braces is one of the novel approaches to increase the ductility
of the braces. Experimental and numerical studies have shown that steel rings made of steel pipes can be an
effective energy-dissipator in the braces. However, due to the limitations on the size of the steel pipes, it is not
always possible to find an appropriate pipe to be used in the braces. In the current study, performance of the steel
ring made of two half-steel rings is investigated. In addition, effect of the welding or utilizing bolts, thickness of
the ring, and material properties on the ductility and energy absorption of the braces is evaluated. Results
indicated to the appropriate ductility and energy absorption of made-up steel rings.

1. Introduction

Several unexpected issues were observed in the rigid connections of
special moment frames after the Northridge earthquake in 1994.
Extensive studies were performed to develop new connections that
undergo significant inelastic behavior; such as reduced beam section
(RBS) [1,2] and reduced web section (RWS) [3–5] connections. How-
ever, stringent design criteria of these connections made the en-
gineering society hesitant to widely use these systems [6]. Braced
frames are another type of lateral load resisting systems that became
more popular after 1994. In this system, earthquake energy is dissipated
through inelastic behavior of the braces. However, premature fracture
of the concentric braces of this system in the previous earthquakes has
risen doubts about using this member [7] and strict limitations on
utilizing these braces are implemented in the design codes [8]. Ex-
tensive investigations have been performed with the purpose of in-
creasing the ductility of the braces and several approaches are proposed
to avoid the premature fracture in the braces [9–24]. Among the pro-
posed methods, utilizing flexural energy-dissipating fuses is one of the
most effective methods to date [25–27]. In this approach, a steel ring
can be used in the braces adjacent to the gusset plate connection.
Flexural inelastic behavior in the braces due to the steel ring added to
the end of the brace leads to significant energy dissipation during an
earthquake. Numerous experimental and numerical studies have been

done on utilizing steel rings made of steel pipes. It is observed that
adding the steel ring to the end of the steel braces results in stable
hysteretic behavior of the braces [28–30] and after earthquake, repla-
cing the steel rings is simple and not expensive. Experimental studies
have shown that the majority of the damage occurs in the steel ring and
other portion of the brace remains elastic. Due to the limitation on the
steel pipe size, numerical study on the behavior of steel rings consist of
two half-rings formed by rolling of steel plates has been presented in
this article. Variety of material and size of steel plates allows the pre-
paration of various steel rings with different capacities. In this paper,
numerical study on the performance of three steel rings made up of two
half-rings are presented. Previous studies showed the seismic perfor-
mance of bracing will affect by the connection details [31], so the effect
of the steel ring connection to the gusset plate, thickness of the steel
rings, and material properties on the behavior of the steel rings is in-
vestigated.

2. Literature review

One of the most important features of a lateral load resisting system
is possessing an appropriate stiffness, strength, and capability of energy
dissipation, simultaneously [32–35]. On the other hand, it is not eco-
nomically justifiable to design a structure to remain elastic under a
moderate earthquake [36–38]. Therefore, based on current seismic
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design approach, it is important that structure experiences an inelastic
behavior to dissipate earthquake energy [39–46]. Y-shaped braces are
one of the bracing configurations that can be used to resist seismic loads
[47,48]. Experimental and numerical studies have been performed on
the Y-shaped braces’ various buckling modes, such as elastic, inelastic,
and out of plane buckling [49,50]. Numerous novel methods have been
developed to have a seismic resistant design [29,30,51,52]. Using a
passive control system in the structures is among the recently developed
methods. In this method, an energy-dissipator member is utilized in the

structure to absorb the damages to the structure and to prevent the
failure of other members [53,54]. Using hyperelastic material, in a
toggle bracing systems is one of these methods [7,55,56].

In the present study, performance of steel ring as an energy dis-
sipator member is investigated. Abbasnia et al. performed an experi-
mental and numerical study on the behavior of the steel rings used in
diagonal braces [57]. It was observed that steel rings can effectively
improve the behavior of the braces [57]. Steel rings also are in-
novatively utilized in the off-center braces and their performance are
assessed in terms of ductility and energy dissipation [55,57–68].

In the previous studies, a seamless Mannesmann pipe was used as
the steel ring. However, dimension and thickness variety of these pipes
are limited and it hinders widely usage of this system [55,57–68].
Moreover, pipe installation may not be applicable by ordinary con-
tractors in construction industry [69–71]. In the current article, the
steel pipe is replaced with two half-rings and a connecting plate be-
tween them to solve the aforementioned issues. Three different models
with various connections are simulated in ANSYS to study the effect of
the steel ring connection on their performance. In addition, influence of
material properties and half-ring’ thickness is also evaluated.

3. Modeling

In the first step, based on the experimental results, steel material
properties were defined in the ANSYS software. Fig. 1 presents the CT20
steel stress-strain diagram defined in the software. Solid 45, Contact
174, and Target 170 three dimensional elements were used in the si-
mulation and solid elements were employed to model the bolts. Surface
to surface Contact 174 elements were used to connect plates and bolts
as shown in Fig. 2. In order to model weld, nods were merged together
at the location of weld beads. Fig. 3 presents the ST37 steel stress-strain
diagram. Steel rings and connection plates were merged together, and
simulation of weld is neglected in the current study assuming that
failure does not occur in the welds. Surface-to-surface contact was de-
fined between the connection plate and steel rings to simulate the ac-
tual behavior of the steel ring. Fixed boundary condition was applied to
one end of the model while an axial force was applied to the other end
to investigate the behavior of the model. A mesh size of 7mm was
utilized in the finite element simulation and a total number of 3556 and
3120 elements were used in bolted and welded models, respectively.
Table 1 summarizes simulated models specifications. The phrase
“ST37/CT20” indicates the type of steel used. The expression “TH12/
TH20” is an abbreviation for the thickness of a 12mm half-ring or
20mm half-ring, “P” means pin connectors and use for models with
bolts, and “SW” stands for semi-weld. Figs. 4 and 5 show the Schematic
details of models used in ANSYS, which are respectively called ST37-
TH12-SW and CT20-TH12-P for brevity. Figs. 4 and 5 present schematic
details of model ST37-TH12-SW and CT20-TH12-P, respectively.

4. Geometrical specification of the ring

The relationships between strength of material, variation of the ring
diameter, and its internal forces in the elastic zone under load P are
shown in Fig. 6. Moreover, Eqs. (1-7) represent the same concept. Ac-
cording to Castigliano’s second theorem [72], = ∂ ∂δ U V/y , = ∂ ∂δ U H/x ,

100

200

300

400

500

St
re

ss
 (k

g/
cm

2 )

0.0
30

0

0

0

0

0

0

0

0146
00

0.005

0.01
4800

0.01
Stra

0.015
in

0.02
480

0.02

2
0

0.025

Fig. 1. Stress-strain diagram defined in the software for CT20 Steel.

Fig. 2. Bolt modeling using ANSYS.
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Fig. 3. Stress-strain diagram defined in the software for ST37 Steel.

Table 1
Details of the simulated models.

Model type Steel type Outer diameter Thickness Length Connection plates length Connection plates width Connection plates thickness Connector type
(mm) (mm) (mm) (mm) (mm) (mm) (mm)

CT20-TH12-C CT20 220 12 100 220 170 12 7 Fillet
CT20-TH12-P Bolts
CT20-TH12-SW 7 Fillet
ST37-TH12-SW ST37
ST37-TH20-SW 20
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and = ∂ ∂θ U M/ 0, where U is complementary energy of flexure, V is
vertical force, H is horizontal force, θ is rotation of the upper end, and
M0 is a couple [73]:

= =+M PR θ π0.3183
2 (1)

= =−M PR θ0.1817 0 (2)

=I t L1
12

3
(3)

= −δ PR
EI

0.149y
3

(4)

= +δ PR
EI

0.137x
3

(5)

=T P θ1
2

cos (6)

= −V P θ1
2

sin (7)

There are four plastic hinges as shown in Fig. 7 by increasing the
load. Also, the balance relationship in the plastic limit state can be il-
lustrated as Eqs. (810):

= ⇒ =M PR P M
R

2
2

4
P

P
(8)

=M
t Lσ

4P
y

2

(9)

=P
t Lσ

R
y

2

(10)

where:

+M , −M : Bending moment in the ring at =θ π
2 and =θ 0, respec-

tively.
I : Moment of inertia of the ring section
t : Thickness of the ring
l: Width of the ring
δ ,x δy : Horizontal and vertical displacement of the ring’s end, re-
spectively.
P: Axial load
R: Ring radius
E : Modulus of elasticity
T, V : Axial and shear force in the ring, respectively.
MP: Plastic moment of the section
σy: Axial stress in the ring in y direction.

As observed, the bearing load capacity of the ring is directly cor-
related with its length, yielding stress, and ring thickness squared. Also,
it is inversely correlated with its radius. According to achieved bearing
capacity of steel ring, a ring is considered with external diameter of
220mm and thickness of 12mm.

5. Cyclic loading

A cyclic loading calculated based on ATC 24 [74] was applied to the
model. A displacement control loading calculated based on the yielding
displacement of the model is used to in the current study. Fig. 8 pre-
sents the loading sequence applied to the model, where δi is the max-
imum displacement at the ith cycle of loading history; ni is the number
of cycles with the peak of δi; and Δ is yielding displacement of the
damper. Fig. 9 shows loading and boundary condition nods. It should
be mention that all degrees of freedom are restrained on support nods.

Fig. 5. Schematic details of model CT20-TH12-P (units are in mm).

Fig. 6. Schematic of the ring.

Fig. 7. Plastic hinge formation.

Fig. 4. Schematic details of model ST37-TH12-SW (units are in mm).
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6. Modeling verification

An experimental test performed by Abbasnia et al. in 2008 [57] was
used to verify the accuracy of the simulation. The specimen consisted of
a steel ring with outer diameter of 220mm, thickness of 12mm, and a
length of 100mm. Two 200×170×12mm3 connection plates were
also connected to the steel ring with a 7mm fillet weld. Fig. 10 presents
the tested specimen and Fig. 11 shows the ANSYS simulation for
CT20_TH12_C model.

Load displacement result of the simulated ring under cyclic loading
presented in Fig. 8 is shown in Fig. 12. Model was pushed until the peak
strain in the model reaches the ultimate strain. Two linearizations have
been performed by FEMA 356 proposed method [75]. The maximum
vertical displacement and corresponding vertical displacement of the
system at the end of the tensile elastic limit are 20.16mm and 2.79mm,
respectively. On the other hand, the aforementioned parameters under
the compression force were 19.93mm and 3.09mm, respectively.
Therefore, the ductility of the model can be calculated, such that:

= = =μ Δ
Δ

20.16
2.79

7.23 TensionMax

y (11)

Fig. 8. Loading history in ATC 24 code [74].

Fig. 9. Loading and supporting nods in ANSYS for CT20_TH12_C model.
Fig. 10. Tested specimen by Abbasnia [57].

Fig. 11. Simulated steel ring using ANSYS for CT20_TH12_C model.
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= = =μ Δ
Δ

19.93
3.09

6.45 CompressionMax

y (12)

In addition, Fig. 13 presents the hysteretic behavior of the tested
specimen [57]. The maximum tension and compression force sustained
by the model was 87.74 kN and 73.39 kN, respectively, and the peak
displacement was around 19.92mm and 20.00, respectively.

Comparison between the numerical model and experimental test,
provided in Fig. 14, demonstrated the fact that simulation can suc-
cessfully predict the behavior of the tested steel ring and results are in
good agreement. Fig. 15 shows Von Misses stress under cyclic load for
CT20_TH12_C in ANSYS. It can be observed that stress is mainly con-
centrated at two ends of the ring and stress intensity in the other por-
tions of the ring is relatively low.

7. Numerical model

7.1. Steel ring made of 12 mm plate and bolts with CT20 steel

The model that had been used in the previous section was simulated
again while the steel ring was replaced with two half-rings with outer
diameter of 220mm and thickness of 12mm. The half-rings were
connected to each other with bolts. Ductility and energy dissipation of
the model is evaluated in this section. The model was names CT20-
TH12-P representing the CT20 material properties, 12 mm thickness,
and bolts as the connector of the half-rings. Load displacement diagram
of the model is presented in Fig. 16. Similar to the tested specimen, the
model was pushed until the peak strain reached the ultimate strain. The
maximum tension and compression forces were 108.3 kN and 83.57 kN,
respectively.

Envelope of the hysteretic response of the steel ring is presented in
Fig. 17. As can be seen in this figure, the maximum vertical displace-
ment and corresponding vertical displacement of the system at the end
of the tensile elastic limit are 30.29mm and 2.89mm, respectively,
based on two linearizations method of FEMA 356 [75]. Similarly, the
aforementioned parameters under the compression force were
30.25mm and 3.10mm, respectively. Therefore, the ductility of the
model can be calculated, such that:

= = =μ Δ
Δ

30.29
2.89

10.5 TensionMax

y (13)

= = =μ Δ
Δ

30.25
3.10

9.75 CompressionMax

y (14)

Figs. 18 and 19 present the energy vs. cycle and load vs. cycle of the
steel ring, respectively. It can be observed that the inelastic capacity of
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Fig. 12. Force-vertical displacement plot for simulated ring.
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Fig. 14. Comparative hysteresis plots for simulation and test results.

Fig. 15. Von Misses stress under cyclic load for CT20_TH12_C model.
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the ring is 1.87 times of its elastic capacity. It can also be seen that
energy in the last cycle is about 97 times of the one in the last cycle of
the elastic range. In other words, energy absorption/force in the last
cycle was 51.85 times of the one in the elastic range.

Fig. 20 shows the cumulative energy vs. cycles of the CT20-TH12-P
model. Cumulative energy is the summation of dissipated energy
through all the hysteresis cycles, where dissipated energy of each cycle
has been calculated by obtaining the area under force-displacement
curve. It can be observed that average of the absorbed energy in the
inelastic range is 126.6 times of the one on elastic range. In addition,
vertical deformation and load capacity of the ring in inelastic region

were 9.48 and 1.87 times of the ones in elastic range, respectively.
Fig. 21 shows Von Misses stress under cyclic load for CT20-TH12-P in
ANSYS. It was observed that stress in the middle portion of this ring is
higher in comparison with the previous model.

7.2. Steel ring made of 12 mm plate with CT20 steel and weld

In this section, same model that had been used in the previous
section was simulated again while the bolts were replaced with fillet
welds. CT20-TH12-SW is used for the model in this section as it re-
presents the CT20 material, 12mm thickness, and welding as the con-
nector of the half rings. Hysteretic behavior of CT20-TH12-SW is pre-
sented in Fig. 22. Capacity of the model in tension and compression
were around 135.9 kN and 113.6 kN, respectively.

Envelope of the hysteretic response of the model is shown in Fig. 23.
Fig. 23 presents FEMA 356 two linearizations method [75], where the
maximum vertical displacement and corresponding vertical displace-
ment of the system at the end of the tensile elastic limit are 31.07mm
and 2.66mm, respectively. Also, the same parameters under the com-
pression force were 29.28mm and 2.40mm, respectively. Therefore,
ductility of the CT20-TH12-SW model is:

= = =μ Δ
Δ

31.07
2.66

11.68 TensionMax

y (15)

= = =μ Δ
Δ

29.28
2.40

12.20 CompressionMax

y (16)

Figs. 24 and 25 present the energy absorption vs. cycle and force vs.
cycle of the model, respectively. It can be observed that inelastic ca-
pacity of the ring was 2.27 times of the one in elastic range. It was also
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Fig. 21. Von Misses stress under cyclic load for CT20-TH12-P model.
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concluded that peak dissipated energy in the inelastic range was 228
times of the one in elastic range. In other words, energy/force ratio in
elastic range was 100.44 times of the ratio in elastic region.

Fig. 26 presents the cumulative energy vs. cycle in CT20-TH12-SW
model. As can be seen in this figure, average of the dissipated energy in
inelastic range was 242.62 times of the one in elastic range. It was also
observed that peak displacement and load of the model in inelastic
region were 10.68 and 2.27 times of the ones in elastic region. Fig. 27
shows Von Misses stress under cyclic load for CT20-TH12-SW in ANSYS.
By comparing the Figs. 27 and 21, it can be concluded that utilizing
bolts or welds does not have a significant effect on the stress

distribution in the ring.

7.3. Steel ring made of 12 mm plate with ST37 steel and weld

Similar model to CT20-TH12-SW was simulated in this section while
ST37 was used as the material properties. ST37-TH12-SW was used as
the name of this model representing ST37 as material, 12 mm thickness,
and fillet weld for the connector of the half-rings. Hysteretic behavior of
the model is shown in Fig. 28. The tension and compression inelastic
capacity of the model were around 96 and 81 times of the elastic one,
respectively.

Envelope of the hysteretic behavior of the ST37-TH12-SW is pre-
sented in Fig. 29. As presented in this figure, the maximum vertical
displacement and corresponding vertical displacement of the system at
the end of the tensile elastic limit are 24.00mm and 3.26mm, respec-
tively, while similar parameters under the compression force were
24.00mm and 3.23mm, respectively, based on two linearizations
method of FEMA 356 [75]. Ductility of ST37-TH12-SW can be calcu-
lated as follows:

= = =μ Δ
Δ

24.00
3.26

7.36 TensionMax

y (17)

= = =μ Δ
Δ

24.00
3.23

7.41 CompressionMax

y (18)

Figs. 30 and 31 show the dissipated energy vs. cycle and load vs.
cycle of ST37-TH12-SW model. It was observed that inelastic to elastic
capacity of the model was around 1.28. In addition, it was concluded
that dissipated energy in the inelastic range was around 80 times more
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Fig. 27. Von Misses stress under cyclic load for CT20-TH12-SW model.
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than the one in elastic region. Therefore, energy/force in the inelastic
region was 62 times of the one in elastic range.

Fig. 32 presents the cumulative energy vs. cycle in this model. As
can be seen in this figure, average of the dissipated energy in the in-
elastic region was 46.6 times of the one in the elastic range. It was also
noticed that peak displacement and force in the inelastic region were
6.36 and 1.28 times more than the ones in elastic range. Fig. 33 shows
Von Misses stress under cyclic load for numerical model ST37-TH12-SW
in ANSYS. As it was expected, by comparing Figs. 33 and 27, it can be
observed that by reducing the material strength, stress intensity in the
models increases and severer deformation is applied to the model.

7.4. Steel ring made of 20 mm plate with ST37 steel and weld

Thickness of the steel ring under study is increased to 20mm in this
section. Model name ST37-TH20-SW was used for the simulation of this
section. This name represents the ST37 steel as the material, 20mm
thickness, and fillet welding as the connector of the steel half-rings.
Hysteretic behavior of this model is presented in Fig. 34. Tension and
compression capacity of the model in inelastic range was 240.4 kN and
219.7 kN, respectively.

Envelope of the hysteretic behavior of the ST37-TH20-SW model is
presented in Fig. 35, where the maximum vertical displacement and
corresponding vertical displacement of the system at the end of the
tensile elastic limit are 19.97mm and 2.31mm, respectively, according
to propose two linearizations method by FEMA 356 [75]. Moreover,
above mentioned parameters were 19.97mm and 2.30mm, respec-
tively, following similar procedure under the compression force.
Therefore, ductility of the model can be calculated as follows:

= = =μ Δ
Δ

19.97
2.31

8.64 TensionMax

y (19)

= = =μ Δ
Δ

19.97
2.30

8.68 CompressionMax

y (20)

Figs. 36 and 37 show the dissipated energy vs. cycle and load vs
cycle of the ST37-TH12-SW model, respectively. It was be observed that
inelastic capacity of the model was 1.11 times of the elastic one. It was
also concluded that inelastic dissipated energy and load in this model
were 35.68 and 32.16 times of the elastic ones, respectively.

Cumulative energy of this model is demonstrated in Fig. 38. It was
observed that the dissipated energy in the inelastic range to the elastic
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model.
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Fig. 30. Energy-loading cycle plot for ST37-TH12-SW model.
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Fig. 31. Force-loading cycle plot for ST37-TH12-SW model.
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Fig. 32. Cumulative energy-loading cycle plot for ST37-TH12-SW model.

Fig. 33. Von Misses stress under cyclic load for ST37-TH12-SW model.
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Fig. 34. Force-vertical displacement plot for ST37-TH20-SW model.
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one was around 51. In addition, inelastic vertical displacement and load
bearing capacity of the model were 7.64 and 1.11 times of the ones in
elastic range. Fig. 39 shows Von Misses stress under cyclic load for
numerical model ST37-TH20-SW in ANSYS. It was observed that in-
creasing the thickness of the steel ring effectively reduces the stress
intensity of the model.

8. Comparison of the results

Comparison between the ductility of the all models presented in
table 2. According to these results, CT20-TH12-SW has the most duc-
tility factor compare to the rest of models, which was expected. To

specify analytical results, the results of investigation on the loading
cycles are shown in table 3. Based on displacement-loading cycle plots
and cumulative energy-loading cycle plots the obtained results of pre-
sented models are shown in table 4. However, there are still other
comparison to be considered, such that:

8.1. Effect of the material properties-comparison of CT20-TH12-SW and
ST37-TH12-SW

Effect of the material properties on the performance of the steel
rings is investigated in this section. For this purpose, response of the
CT20-TH12-SW and ST37-TH12-SW cases are compared with each
other. Comparison of the hysteretic behavior of two aforementioned
models are presented in Fig. 40. As can be observed in this figure,
maximum tensile force in the CT20 and ST37 cases were 19.64 kN and
95.89 kN, respectively. It was also observed that the peak compressive
force in these models were 93.23 kN for CT20 and 81.2 kN for ST37
case. Therefore, tensile capacity of the ST37 case is about 20% less than
the one in CT20 case. This reduction reduces to 13% under compression
force.

Envelope curves of the hysteretic behavior of the two models are
presented in Fig. 41. As can be seen in this figure, ductility of the CT20
case under tension force was 11.68, while it was 7.36 for ST37 case.
Therefore, ST37 was 37% less ductile than CT20 case. On the other
hand, ductility of CT20 and ST37 models under compression force were
12.2 and 7.4, respectively. It can be observed that ST37 model was 40%
less ductile than CT20 case. It can be concluded that steel rings made of
ST37 material are less ductile than the ones made of CT20. Table 5
presents the yielding force, initial stiffness and secondary stiffness of
the models under tensions and compression. The comparison columns
show the increase/decrease of the parameters of ST37 case in com-
parison to the CT20 one.

Energy and cumulative energy of the models versus cycles are
presented in Figs. 41 and 42, respectively. It can be observed that total
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Fig. 35. Hysteresis loop push of force-displacement plot for ST37-TH20-SW
model.
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Fig. 36. Energy-loading cycle plot for ST37-TH20-SW model.
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Fig. 37. Force-loading cycle plot for ST37-TH20-SW model.
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Fig. 38. Cumulative energy-loading cycle plot for ST37-TH20-SW model.

Fig. 39. Von Misses stress under cyclic load for ST37-TH20-SW model.

Table 2
Comparison between the ductility of all models.

Model type Ductility

Tension Compression

CT20-TH12-C 7.23 6.45
CT20-TH12-P 10.5 9.75
CT20-TH12-SW 11.68 12.20
ST37-TH12-SW 7.36 7.41
ST37-TH20-SW 8.64 8.68
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dissipated in ST37 and CT20 models were 34,905 and 49,793 Joule,
respectively. Therefore, dissipated energy in CT20 model was 30%
more than the one in ST37 case.

8.2. Effect of the thickness-comparison of ST37-TH12-SW and ST37-
TH20-SW

In this section, effect of the thickness of the half-rings on the

Table 3
Analytical results of models.

Models −EP max (Joule) −EE max (Joule) −PP max (kN) −PE max (kN) −
−

EP
EE

max
max

−
−

PP
PE

max
max

⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

EP
EE
PP
PE

max

max

CT20-TH12-C 5611.53 55.05 92.74 44.34 101.93 2.09 48.77
CT20-TH12-P 7408.70 76.40 108.30 57.90 96.97 1.87 51.85
CT20-TH12-SW 10663.51 46.77 135.90 59.73 227.99 2.27 100.44
ST37-TH12-SW 5967.77 154.29 95.90 74.68 79.91 1.28 62.23
ST37-TH20-SW 14778.87 414.22 240.36 216.62 35.68 1.11 32.16

−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
EE

max
max

: The ratio of energy in the last nonlinear cycle to energy in the last linear cycle.
−
−

PP
PE

max
max

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

Table 4
Analytical results obtained by force-energy and force-loading cycle plots.

Models CT20-TH12-C CT20-TH12-P CT20-TH12-SW ST37-TH12-SW ST37-TH20-SW

−ΔP max (mm) 22.18 30.29 31.07 24.00 19.97
−ΔE max (mm) 2.8 2.89 2.66 3.26 2.31

∑ = Ei
n

i1 (Joule) 27150.45 47910.19 70209.96 34904.97 78436.12

∑ = Ei
m

i1 (Joule) 58.62 94.42 51.03 285.92 505.35

− − −
−

P E
E

(Δ max Δ max)
Δ max

6.92 9.48 10.68 6.36 7.64

=
∑ − − ∑ −

−
Ep

i
n Ei i

m Ei
n m

( 1 1 )
( )

(Joule)
2083.99 2988.48 4126.99 2663.00 6494.23

=
∑ =EE

i
m Ei

m
1 (Joule)

19.54 23.61 17.01 57.18 126.33

EP
EE

106.65 126.60 242.62 46.57 51.4

−ΔP max: Lateral displacement of frame in the last nonlinear cycle.
−ΔE max: Lateral displacement of frame in the last linear cycle.

∑ = Ei
m

i1 : Total energy in “m” linear loading cycles.
∑ = Ei

n
i1 : Total energy in “n” loading cycles.

− − −
−

P E
E

(Δ max Δ max)
Δ max

: The ratio of nonlinear lateral displacement to Linear lateral displacement.

=
∑ = − ∑ =

−Ep
i
m Ei i

n Ei
m n

( 1 1 )
( ) : Average energy per loading cycle in nonlinear limit zone.

=
∑ =EE

i
n Ei

n
1 : Average energy per loading cycle in linear limit zone.

EP
EE
: The ratio of average nonlinear energy to average linear energy per loading cycle.
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Fig. 40. Comparative hysteresis plots for CT20-TH12-SW and ST37-TH12-SW
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performance of the steel rings are evaluated. For this purpose, results of
ST37-TH12-SW and ST37-TH20-SW models are compared with each
other. Fig. 43 presents a comparison between the hysteretic responses
of the models. As can be seen in this figure, tensile capacity of TH20 and
TH12 cases were 241 kN and 96 kN, respectively. On the other hand,
compressive capacity of the TH20 and TH12 models were 220 kN and
81.2 kN, respectively. Therefore, it can be concluded that tension and
compression capacity of the TH20 model were 151% and 170.5% more
than the ones in TH12 model.

Envelope curve of the hysteretic behavior of two models are pre-
sented in Fig. 44. As can be seen in this figure, ductility of models TH20
and TH12 under tension force were 8.64 and 7.36, respectively, and
TH20 model was 17% more ductile than TH12 case. On the other hand,
ductility of the model with 20mm and 12mm plates under compression
force were around 7.4 and 8.7, respectively, meaning that TH20 model
was 17% more ductile than TH12 case. Therefore, it can be concluded
that thicker model was 17% more ductile than the other model. Table 6
presents the yielding force, initial stiffness and secondary stiffness of
the models under tension and compression forces. The comparison
columns show the increase/decrease of the specifications of the TH20
model in comparison to TH12 case.

Figs. 44 and 45 present the energy and cumulative energy of models
versus loading cycles. The dissipated energy in the TH20 and TH12
models were 78,436 and 34,905 Joule. Therefore, energy dissipation in
the TH20 model was 125% more than the one in TH12 case.

9. Conclusions

In this paper, ductility and energy dissipation capability of the steel
rings constructed from two half-rings was investigated. Effect of the
material properties and thickness of the half-rings on the performance

Table 5
Comparison between CT20-TH12-SW and ST37-TH12-SW models.

Comparative results Tension Compression

ST37 CT20 Comparison (%) ST37 CT20 Comparison (%)

Yielding force (kN) 74.68 59.73 +25.03 69.66 56.26 +23.82
Initial stiffness (kN/mm) 22.92 22.45 +2.09 21.56 22.51 -4.22
Secondary stiffness (kN/mm) 1.02 2.68 -61.94 0.55 2.13 -74.18
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Fig. 42. Comparative cumulative energy-loading cycle plots for CT20-TH12-SW
and ST37-TH12-SW models.
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Fig. 44. Comparative energy-loading cycle plots for ST37-TH12-SW and ST37-
TH20-SW models.

Table 6
Comparison between ST37-TH12-SW and ST37-TH20-SW models.

Comparative results Tension Compression

TH20 TH12 Comparison (%) TH20 TH12 Comparison (%)

Yielding force (kN) 216.6 74.7 +190.0 208.3 69.7 +19
Initial stiffness (kN/mm) 93.4 22.9 +307.4 90.6 21.6 +320
Secondary stiffness (kN/mm) 1.34 1.02 +31.4 0.6 0.6 +16.4
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Fig. 45. Comparative cumulative energy-loading cycle plots for ST37-TH12-SW
and ST37-TH20-SW models.
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of the steel rings was evaluated through finite-element simulations. This
study concludes that:

(1) Steel rings made of two half-rings successfully dissipate the energy
through inelastic behavior of the rings and they possess a significant
ductility.

(2) Utilizing CT20 material instead of ST37 steel results in a significant
increase in the load bearing capacity of the steel rings. It was also
observed that ductility of CT20 model can be up to 40% larger than
the one in ST37 model. Moreover, it was concluded that CT20
model was advantageous in terms of energy dissipation as well.

(3) Using a thicker steel ring significantly increases the capacity of the
system and it also results in larger ductility of the model. In addi-
tion, incorporating thicker steel rings results in a considerable en-
ergy dissipation.

(4) Performance of steel rings made of two half-rings can be as effective
as the ones made of a steel pipe. However, by using two half-rings,
limitations on the size and thickness of the steel pipes will be
overcome.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.engstruct.2018.05.034.
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