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Abstract
This study aims to evaluate hysteresis response behavior of circular hollow steel damper (CHSD). Steel dampers are a type 
of passive dampers and commonly used for seismic dissipation in civil engineering structures. Steel dampers are widely 
used for seismic energy dissipation because they are easy to install, maintain and they are also inexpensive. CHSD is among 
steel dampers which dissipates seismic energy through metallic deformation and geometrical elasticity of circular shape and 
fatigue resistance around welded connection to the end plates. Finite element analysis was conducted in order to evaluate 
the hysteresis characteristics and low cycle fatigue behavior of CHSD using failure index. To verify the analysis simulation 
quasi static loading was conducted and the result was compared and satisfactory result was obtained.

Keywords Hysteresis characteristics · Circular hollow steel damper · Aspect ratio · Quasi-static loading · Large 
deformation · FE analysis

1 Introduction

Damage control design concept for civil engineering struc-
tures have been widespread to mitigate hazards caused by 
earthquake since 1995, Kobe, Japan earthquake disaster 
(Nakashima et al. 1994). Over the same period, after the 
1995 Hyogo-ken Nanbu earthquake, structural control has 
paid much attention to seismic design, with the premise that 
such control can improve ultimate resisting capacity of struc-
tures and reduce damage during earthquake (Tadaki et al. 
2000). There are a number of methods to improve the resist-
ing capacity and reduce the damages during earthquakes. 
Hysteretic steel damper is a passive damper system that 
absorbs substantial portion of input energy induced by earth-
quake through hysteretic deformation of the damper mate-
rial. A number of innovative hysteretic steel dampers with 

high energy dissipation capacity have been developed and/
or proposed and evaluated in the past 20 years. Some of the 
hysteretic steel dampers developed and evaluated includes: 
Buckling resistance steel damper (Jeong et al. 2016; Deng 
et al. 2015), shear panel damper (Abebe et al. 2014), Circu-
lar shear panel damper (CSPD) (Abebe et al. 2014), Tadas 
device (Yeh et al. 2004), steel plate added damping and stiff-
ness (ADAS) (Hanson et al. 1992), slit steel damper (Ricky 
et al. 2008). Some of the details of these devices are pre-
sented in Fig. 1. The hysteresis behavior and failure mode 
under cyclic loading of these dampers are also different.

Circular hollow steel damper is a type of steel damper as 
the name also indicates and dissipates seismic energy mainly 
through inelastic deformation or through hysteresis mate-
rial. Under cyclic loading the circular shape of circular hol-
low steel damper (CHSD) changed to elliptical shape which 
gives CHSD an extra energy absorbing capacity. Among 
steel dampers such as shear panel damper CHSD has an 
advantage of resisting applied load in all direction. Thus, 
because of its circular shape CHSD in the practical situation 
can resist loads in all direction which is advantageous since 
the action of force during earthquake is multi-dimensional. 
(Abebe and Choi 2012). Abebe et al. (2013), studied the 
effect of aspect ratio of CHSD using simple engineering 
mechanics (de Souza Neto et al. 2008) and found that the 
effective aspect ratio of CHSD is:
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where H and D is the height and diameter of CHSD respec-
tively and the details of these variables are shown in Fig. 2. 
This aspect ratio is taken as effective CHSD where both 
bending and shear stresses resisted and it also satisfies the 
von Mise’s yield stress criteria. The failure mode of CHS 
damper is different depending on the height to diameter 
ratio. Specimen having H/D greater than 

√

3 the failure is 
bending failure and the failure for specimen having H/D less 
than 

√

3 is shear failure (Abebe and Choi 2012).
CHSD can be considered as a fixed ended beam and the 

corresponding bending stress and shear stress distribution 
on the cross-section is shown in Fig. 3a, b respectively. The 
stress distribution both bending stress and shear stress on the 
infinitesimal length of CHSD is presented in Fig. 3c. The 
detail of specimen is shown in Fig. 4 and finite element anal-
ysis was conducted for grasping the hysteresis response and 
low cycle fatigue behavior of hollow section steel damper 
having aspect ratio of 

√

3 . To confirm the validity of the 
finite element analysis conducted, the comparison between 
test result and analysis result was undertaken. The deforma-
tion mode, hysteresis response and cumulative dissipated 

(1)
h

r
=

H

D
=
√

3

energy of selected CHSD was compared. Diameter-to-
thickness (D/t) ratio is the main parameter considered in 
non-linear FE analysis. The low cycle fatigue of analysis 

Fig. 1  Types of metallic dampers: a ADAS; b TADAS; c honeycomb damper; d slit damper; e shear panel damper; f buckling restrained brace; g 
circular shear panel damper; h buckling resistance steel damper

Fig. 2  Loading condition of CHSD
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specimens was evaluated using PEEQ index and section with 
low PEEQ index was identified.

2  Non‑linear Finite Element Analysis

Circular hollow steel damper was discretized using a three 
dimensional finite element analysis model called ABAQUS 
package to evaluate the hysteresis characteristics and low 
cycle fatigue behavior of CHS damper (ABAQUS ver. 
6.10-1 2011). Material nonlinearity was included in the 
finite element model by specifying a stress–strain curve in 
terms of the true stress and true strain as shown in Fig. 5. 
The engineering stresses and strains obtained from the cou-
pon tests were converted into true stresses and strains for 
this purpose using Eqs. (2) and (3) respectively. Both solid 
and shell element model have been tried in order to choose 
the suitable element to simulate the hysteresis behavior. A 
3-D shell element S4R quadrilateral elements through mesh 
generation by Python script is found to be more efficient in 
modeling CHS damper with linear interpolation and reduced 
integration are used, as shown in Fig. 6. The structural 
steel components are modeled as an elastic–plastic mate-
rial. With elastic and plastic options, the yield and ultimate 
tensile strength obtained firstly from the results of the cou-
pon tests and then converted into the true stress and plastic 
strain with appropriate input format for ABAQUS. In the 
plastic range the important behavior of structural steel to be 
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Fig. 3  Stress distribution on CHS damper. a Bending stress distribution, b shear stress distribution, c stress distribution on the infinitesimal 
length
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considered is strain hardening behavior. Strain hardening 
is a phenomenon which results in an increase in hardness 
and strength of a metal subject to plastic deformation (cold 
working) at temperatures lower than the recrystallization 
range. Among commonly used strain hardening model in 
Abaqus, combined hardening i.e. combined isotropic and 
kinematic hardening model was used. Different mesh sizes 
have been examined as well to determine a reasonable mesh 
that provides both accurate results with less computational 
time. The exam results show that, if the mesh is too coarse, 
a convergence problem will be caused as the contact ele-
ment was used between the circular hollow section and the 
endplate surface. However, if the mesh is too fine, the com-
putational time is excessive. Each ends of the components 
are created a more refined mesh as shown in Fig. 6 because 
of those areas were where most stresses are concentrated and 
is the area exposed direct compression and tension forces.

(2)�tr = �e(1 + �e)

where σtr: true stress, σe: engineering stress, εtr: true strain, 
εe: engineering strain. The true yield stress, ultimate stress 
and strain of a specimen taken from CHSD having thickness 
3.2 mm and flattened are 321 MPa, 511 MPa and 22.38% 
respectively.

3  Constraint and Loading Condition

The boundary conditions are controlled at the reference 
points created at the center both end plates. All the trans-
lational and rotational displacement components are fixed 
at the reference points of the lower end plate. A cyclic load 
was given at upper end plate reference points in X-direction 
fixing all the translation and rotation in other direction. The 
boundary condition and method of loading adopted in the 
finite element analysis followed to have the specimen shear 
effect and the same as those used in the tests for verification. 
A constant strain loading is implemented in which the load 
is applied by controlling the displacement with the displace-
ment protocol shown in Fig. 8.

4  Verification of Finite Element Analysis

4.1  Test Set‑Up and Process

In order to verify the analysis model a quasi-static loading 
test was carried out. The test set-up and general equipment 
system is shown in Fig. 7 to evaluate the specimen detailed in 
Fig. 4 having thickness 3.2 mm (CHS80 × 48.6 × 3.2). In this 
the test set-up, to avoid rotation angle on the top of specimen 
pantograph was installed and counter weight installed using a 
principle of a pair of scale was arranged to protect axial force 
supposed to be applied on the test specimen. Displacement 
meters for measuring deformation of circular hollow steel 
dampers were installed at the top end plate and the bottom end 
plate of the experiment specimen. The difference between dis-
placements measured at the top end plate and bottom end plate 
was taken as the shear displacement. The force response of 
specimen was measured directly from the load cell mounted on 
the actuator. The cyclic loading proceeds up to final failure and 
the loading is applied by controlling the displacement follow-
ing the loading condition used in finite element analysis. The 
displacement protocol used for experiment is the same as the 
protocol used in the analysis model which is shown in Fig. 8.

4.2  Comparison of Results

The comparison of deformation mode of test and analysis 
result of CHS damper using conventional mild steel (SS400) 

(3)�tr = ln(1 + �e)

Fig. 5  True stress–true strain curve

Fig. 6  3D-Meshed analysis Model
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is presented in Fig. 9. The small cracks was observed on the 
test specimen. In addition, the circular shape of both test and 
analysis specimen changed to elliptical shape under large 
displacement which gives circular hollow section damper 
advantage over other steel damper. The deformation mode 
with von Mises stress distribution is plotted at the same 
maximum loading with the test specimen. The stress con-
centration is high at both ends in the loading direction. The 
maximum stress is also observed at lower ends in the direc-
tion of loading as indicated in Fig. 9b.

The hysteresis response of analysis and test results were 
also compared. Looking at the shear force-inelastic rota-
tion graphs presented on Fig. 10, there is no apparent differ-
ence between the quasi static test result and FE simulation 
results. Which shows that finite element analyses accurately 
evaluates the failure mode, hysteresis characteristics and 

Fig. 7  Loading equipment system
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162 International Journal of Steel Structures (2019) 19(1):157–167

1 3

the performance of CHS damper. In the plotted graph, the 
black solid line represents experimental result and the red 
line shows the analysis result. The strength degradation of 
test specimens are faster than analysis specimens. This effect 
is observed in the comparison of cumulative energy plotted 
with respect to number of cycles shown in Fig. 11. Cumula-
tive energy dissipation is the sum of the energy dissipation 
for each cycle, i, up to the maximum number of cycles being 
considered, N, presented in Eq. (4) bellow. As shown in the 
Fig. 11 the cumulative energy calculated from the hysteresis 
curves presented in the Fig. 11, the analysis results shown 
a slight bigger cumulative energy compared to the results 
obtained from experiments.

where Q is the shear force and Hdγ is the end plastic shear 
deformation written as the product of the incremental link 
rotation, dγ, times the height of CHS damper H.

(4)ET =

N
∑

t=1

(

∫ QHd�

)

t

4.3  Low Cycle Fatigue Failure

Recent analytical studies of steel frame components have 
used a low cycle fatigue failure index based on a stress 
modified critical strain criterion. The failure in numerical 
simulation can also be predicted by the failure index in addi-
tion to the strength reduction in hysteresis response. The 
failure index is defined by the triaxiality of the stress field 
and the accumulated plastic strain in tension and compres-
sion (Hancock and Mackenzie 1976; McClintock 1968). The 
objective function is the dissipated energy before failure of 
the damper. The ductility capacity of the damper is defined 
using failure index as follows. The variables, which are func-
tions of pseudo-time, such as stresses and strains are evalu-
ated at integrated maximum possible point. Let εp(t) denote 
the equivalent plastic strain defined as:

where �p
ij
(t) is the plastic strain tensor, (·) is the derivative 

with respect to time, and the summation convention is used. 
The equivalent plastic strain represents amount of plastic 
deformation in material level, and is evaluated at each inte-
gration point. Many fracture criteria have been presented 
using εp(t). We use an extended version of the SMCS crite-
rion that was developed for simulating ductile fracture of 
metals due to void growth. The critical plastic strain εcr is 
first defined as:

where σm is the mean stress, and σe is the von Mises equiv-
alent stress given by Eqs.  (7) and (8), respectively. The 
parameter α is dependent on material. Equation (6) indicates 
that the critical plastic strain for ductile fracture depends 
on the stress triaxiality σm/σe. Then the failure index for 
monotonic loading is defined as in Eq. (9) (Oh et al. 2011).

The material is assumed to fracture when  If reaches 1.0. 
The Eqs. (5) and (8) are based on the ductile fracture due 
to void growth under monotonic tensile deformation. How-
ever, we need the effect under cyclic loading, where the void 

(5)𝜀p(t) =

t

∫
0

�̇�
p

ij
(t)�̇�

p

ij
(t)dt

(6)�cr = � exp−1.5
�m

�e

(7)�m =
�1 + �2 + �3

3

(8)�e =

√

1

2

[

(�1 − �2)
2 + (�1 − �2)

2 + (�3 − �2)
2
]

(9)If =
�p

�cr
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shrinks due to compressive plastic loading. Therefore, the 
following formulation by Kanvinde and Deierlein is used 
(Chi et al. 2006; Mackenzie et al. 1977). The equivalent 
plastic strain εp is divided into tensile plastic loading states εt 
(> 0) and compressive plastic loading states εc (> 0), which 
are identified by the sign of σm. The significant plastic strain 
ε*, which represents the amount of void growth, is defined 
as (Ohsaki and Nakajima 2012):

(10)�∗ = �t − �c

The critical value εcr* for ε* is given as:

where λ is a positive material parameter and according to 
Kanvinde and Deierlein the parameter λ for the failure index 
may vary between 2.5 and 8.0. In the following, an interme-
diate value 4.3 is used for λ. Ductile fracture is assumed to 
occur when the cyclic failure index  If*, defined as follows, 
reaches 1.0:

Figure 12 shows failure index versus number of cycle 
relationship of analysis result measured at indicated maxi-
mum failure index in Fig. 9b. From the figure CHS damper 
was fractured at the 9.21th cycle. The failure index described 
in Eq.  (9) reasonably predict fracture initiation under 
monotonic loading, but is less accurate for cyclic loading. 
Kanvinde and Deierlein (2004) showed on average, 10% 
agreement between the fracture criterion and monotonic 
coupon tests. However compared to the simple method of 
determining the fracture in numerical simulation which is 
strength degradation under cyclic load loading, the fracture 
predicted by the failure index calculated using Eq. (12) is 
more accurate.

(11)�cr∗ = exp(−��p)�
cr
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Fig. 14  Deformation mode and von Mise’s stress distribution of analysis result
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4.4  Effect of Diameter‑to‑Thickness Ratio

To extend the evaluation on circular hollow steel damper, the 
effect of diameter-to-thickness ratio is studied analytically. 
Generally three different buckling and hysteresis character-
istics are found. First, specimen having D/t < 19.4, which 
can be taken as a compact section, in which yielding prior 
to buckling without strength degradation is observed. The 
second type is the specimen having a diameter-to-thick-
ness ratio of 19.4 ≤ D/t ≤ 27.8 that yielding prior to buck-
ling with strength degradation is noticed. The final type is 

diameter-to-thickness ratio of D/t > 27.8 where yielding with 
buckling and strength degradation which forms pinching at 
initial displacement. The hysteresis loops of these three 
behavior of CHS-damper is presented in Fig. 13. The cor-
responding deformed shape with von Mise’s stress distribu-
tion approximately taken at 9.21th cycle, where the fracture 
is occurred, is presented in Fig. 14 for analysis specimens 
having D/t = 19.4, 27.8 and 48.6. As shown in the figure, the 
buckling mode as well as the stress distribution is different 
for different D/t ratio. Analysis specimen having D/t = 19.4, 
shows stable hysteresis response and severe buckling shape 
wasn’t occurred unlike analysis specimen having D/t = 48.6 
where unstable hysteresis response and severe buckling was 
observed. The pinching formed for D/t > 27.8 is also due to 
out-of-plane buckling of the circular hollow section under 
cyclic loading.

The maximum shear force for all considered analysis 
specimen is summarized in Fig. 15. As shown in the Fig. 15, 
the maximum shear force decreases with an increase of 
diameter-to-thickness ratio. Cumulative energy can be cal-
culated from the hysteresis curves for all analysis specimens 
considered using Eq. (4). The plot of cumulative energy ver-
sus the diameter-to-thickness ratio is shown in Fig. 16. The 
behavior of cumulative energy is similar to that obtained for 
maximum shear force where cumulative energy decreases 
with an increase of diameter-to-thickness ratio.

Loading Direction

Fig. 17  PEEQ measurement location

Fig. 18  PEEQ index measured 
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In order to evaluate the effect of diameter-to-thickness 
ratio on low fatigue failure behavior of circular hollow sec-
tion damper a using simple approaches called PEEQ Index. 
The PEEQ Index is given by the ratio of the plastic equiva-
lent strain to the yield strain.

(13)PEEQ Index =
�
p
e

�y

where εpe : is the equivalent plastic strain and εy: yield strain 
which is given by the ratio of yield strength to young’s mod-
ulus (σy/E) and the calculated yield strain is approximately 
0.002. The equivalent plastic strain was measured around 
half circumference at middle of the specimen at each node 
starting from the direction of loading and longitudinally as 
shown in the section in Fig. 17. The calculated maximum 
equivalent plastic strain index (PEEQ Index) at each node 
around the circumference for the parametrical study of anal-
ysis specimens (diameter-to-thickness ratio) with the respect 
to circumference distance is presented in Fig. 18. The cir-
cumference distance is measured taking in the loading direc-
tion, form extreme compression to extreme tension under 
cyclic loading. The peak PEEQ Index presented in Fig. 18 
are plotted with respect to D/t ratio as shown in Fig. 19. 
In the way, PEEQ Index measured and calculated at each 
nodes in longitudinal direction for all analysis specimens is 
presented in Fig. 20. The peak values PEEQ Index for each 
analysis specimens also plotted with respect to D/t ratio as 
shown in Fig. 21. The peak PEEQ Index values calculated 
in both half circumference and longitudinal direction plot-
ted against D/t ratio forms S-shape curves, Figs. 19 and 21. 
The lowest PEEQ Indexes can be taken as effective section 
in CHSD. Thus, from Figs. 19 and 21, D/t ratio between 10 
and 20 are the effective cross-section of CHSD.
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Fig. 20  PEEQ index measured 
longitudinally
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5  Conclusion

The hysteresis and low fatigue failure behavior of circular 
hollow section steel damper was evaluated through non-
linear finite element and the analysis is of course verified by 
quasi-static loading test and the following conclusion was 
drawn.

Depending on the diameter-to-thickness ration (D/t) the 
hysteresis response as well as the buckling mode of circular 
hollow section steel damper is different. It is found that, 
thin CHSD, D/t > 27.8, the hysteresis response forms pinch-
ing at initial displacement and severe out-of-plane buckling 
was also observed. As the thickness increase the hysteresis 
response became stable. The low cycle fatigue behavior is 
evaluated using failure index and PEEQ index. The failure 
index for CHS80 × 48.6 × 3.2 reaches 1 at 9.21th cycle where 
the cyclic load resisting strength started to degrade for both 
analysis and test results. The diameter-to-thickness param-
eter considered the PEEQ index in longitudinal and half the 
circumference. The minimum PEEQ index is found for D/t 
ratio between 10 and 20. This section can be taken as the 
effective section for circular hollow section damper.
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