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Abstract

The purpose of this paper is to investigate the seismic performance of a honeycomb shaped steel hysteretic damper applied
to seismic retrofit or strengthening of a structure. The formulas for the initial stiffness and yield strength of a damper unit were
derived based on the cell wall bending model, and the results were compared with those obtained from finite element analysis.
Bilinear model of the honeycomb damper was developed based on the nonlinear force-displacement relationship obtained from
finite element analysis. The honeycomb dampers were applied for seismic retrofit of a 15-story apartment building designed
without considering seismic load and for seismic design of a 3-story moment frame designed with reduced seismic load. The
analysis results showed that the honeycomb dampers were effective in the enhancement of seismic-load resisting capacity of
the model structures.
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1. Introduction

Hysteretic or metallic yielding dampers dissipate seismic

input energy through stable hysteretic behavior and thereby

contribute to enhancing seismic performance of a structure.

Whittaker et al. (1989) and Tsai et al. (1993) investigated

the seismic performance of steel plate added damping and

stiffness (ADAS) elements and triangular plate energy

absorbers (TADAS), respectively, which dissipates seismic

energy through out of plane bending of steel plates. Kobori

et al. (1992) and Benavent Climent et al. (1998) proposed

energy-absorbing devices made of steel plates with vertical

openings, which dissipates seismic energy through inplane

hysteretic behavior. Chan and Albermani (2008) proposed

the Steel Slit Damper (SSD) fabricated from a standard

structural wide-flange section with a number of slits cut

from the web, and verified its energy absorbing capacity

through experiments. Benavent Climent et al. (2010)

investigates the use of the web of standard wide-flange or

I-shape sections subjected to out of plane bending as the

energy-dissipating device for seismic applications. Maleki

and Bagheri (2010) proposed hysteretic dampers composed

of steel pipes, filled and unfilled with concrete, and

showed their effectiveness through finite element analysis

and cyclic test. Maleki and Mahjoubi (2013) further

developed the system into dual-pipe dampers consisting

of two pipes welded at selected locations, which showed

higher initial stiffness and strength. Ko et al. (2010)

investigated the energy dissipation capacity of a wire-

woven bulk Kagome damper, a kind of hysteresis damper

which dissipates seismic energy through the inelastic

deformation of the woven wire. Köken and Köro lu

(2015) developed a slit steel damper system for energy

dissipation at beam-to-column connections of steel frames.

Teruna et al. (2015) carried out experimental study of

hysteretic steel dampers fabricated from mild steel plate

with different geometrical shapes such as straight, concave,

and convex shapes.

Honeycomb structure has long been applied as an efficient

energy absorbing material in the field of automobile and

aviation industries. Gibson and Ashby (1997) presented

various formulas for hexagonal honeycomb structures

such as elastic modulus, Poisson’s ratio, buckling strength,

etc. Wang and McDowell (2004) investigated the in-plane

mechanical properties of the various periodic honeycomb

structures including the Young’s modulus, the elastic shear

modulus, the Poisson’s ratio, the yield strength in shear

and the yield strength under uniaxial loading. Aref and

Jung (2003) presented the polymer matrix composite

(PMC)-infill wall system consisting of two fiber-

reinforced polymer laminates with an infill of vinyl sheet
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foam for seismic retrofit of structures. The experimental

and analytical studies demonstrated that the introduction of

a PMC-infill wall panel in a steel frame produced significant

enhancements to stiffness, strength, and energy dissipation

capacity. Alti-Veltin and Gandhi (2010) investigated the

energy absorption capability of cellular honeycomb with

various cell geometries subjected to in-plane compression

through numerical analysis. Ju and Summers (2011) and

Ju et al. (2012) carried out numerical studies for design of

hexagonal lattice structures having a high shear strength

and a high shear yield strain. 

This study aimed to validate the effect of a hysteretic

damper made of steel hexagonal honeycombs to enhance

seismic load-resisting capacity of building structures. To

this end the formulas for initial shear stiffness and yield

strength of the honeycomb dampers were derived using

the cell wall bending model of Gibson and Ashby (1997),

which were verified by finite element analysis. The

hysteretic behavior and energy dissipation capability of

the dampers were also investigated. The dampers were

applied for seismic retrofit of a 15-story RC moment

frame not designed for seismic load, and for seismic

design of a newly designed 3-story RC special moment

resisting frame. The effectiveness of the dampers was

verified by comparing the nonlinear dynamic analysis

results of the structures without and with the dampers. 

2. Stiffness and Strength of a Honeycomb 
Damper

Figure 1 depicts the configuration of a honeycomb

damper installed between two floors in a building

structure. The damper is expected to yield in shear and

dissipates hysteretic energy when it is subjected to shear

deformation due to inter-story drift during earthquake.

The initial stiffness of a honeycomb damper can be

obtained from the force-deformation relationship of unit

honeycomb cell subjected to the shear force F shown in

Fig. 2. Gibson and Ashby (1997) derived the force-

deformation relationship of a regular hexagonal cell using

the wall bending model based on the assumption that

there is no relative displacement of the points A, B and C

when the honeycomb is sheared. In this study the same

reasoning was applied to obtain the shear stiffness and

strength of a honeycomb damper. Summing moments at

B gives the moment applied to the members AB and BC :

(1)

Using the standard result δ =Mh2/6EI, the angle of

rotation is obtained as: 

(2)

where E is the elastic modulus of the honeycomb material.

The shear deflection us of the point D with respect to B is:

(3)

Using I = tb3/12, where t is the out of plane depth of the

honeycomb and b is the thickness of the cell wall, the

shear force-deformation relationship can be obtained as

follows:

(4)

Figure 3 shows the analysis modeling of a unit

honeycomb damper, which consists of the eight shear

springs, and the shear stiffness of the unit damper can be

obtained as follows:

(5a)

The stiffness of each spring can be obtained as follows

using Eq. (4) with appropriate wall length and boundary

conditions:

(5b)
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Figure 1. Configuration of honeycomb damper installed in a frame.
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(5c)

(5d)

Figure 4 shows the horizontal and vertical multiplications

of the unit damper. When nx units of dampers are added

horizontally to the unit damper, the stiffness of the

damper becomes as follows:

(6a)

When ny units are added vertically, the shear stiffness

can be obtained as 

(6b)

The shear stiffness increases with horizontal extension

of the unit system and decreases with vertical extension
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Figure 2. Cell deformation by cell wall bending and rotation (Gibson and Ashby, 1997).

Figure 3. Analysis modeling of single honeycomb damper unit.

Figure 4. Honeycomb damper with multiplication of units.
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of the system. In case there are nx units of honeycomb

dampers horizontally and ny units vertically, the overall

stiffness can be obtained as follows:

(6c)

(6d)

It can be observed in Eq. (6) that the thickness-to-height

ratio (b/h) of the cell wall is an important parameter for

the stiffness of the honeycomb damper.

Figure 5 shows the shear force distribution in each cell

wall of a unit honeycomb damper. In case there are nx
unit dampers along the horizontal line, the horizontal

shear force acting on each cell wall at the mid-height is

V/2nx, and the bending moment and the maximum stress

at the end of the vertical cell wall are as follows:

(7a)

(7b)

The shear strength at complete yielding of the cross

section can be obtained from multiplying the shear

strength at yield, Vyo, obtained from Eq. 7(b) with the

shape factor for a rectangular section, which is 1.5:

(8)

where σy is the first yield stress of the material. The yield

displacement Δy,t can be obtained by dividing Vy,t with the

stiffness kt computed previously:

(9)

3. Finite Element analysis of a Damper Unit

The equations derived above can predict only the elastic

behavior of the honeycomb damper in small displacement.

To observe complete behavior of the damper up to failure,

finite element analysis was carried out using the program

code ABAQUS. Total of 12 honeycomb damper models

with different cell sizes and b/h ratios were prepared for

analysis, and the dimension of each model is presented in

Table 1, where L and H denote the overall horizontal and

vertical dimensions of the model, respectively, t is the

depth of the honeycomb, and b and h are the thickness

and the height of the vertical cell wall, respectively. The

b/h ratio, which is considered to be the most important

design parameter, was varied from 0.08 to 0.13 at the

interval of 0.01. The heights of the vertical cell walls are

16.5 and 25 mm. 

The dampers are made of mild steel with yield and

ultimate strengths of 330 and 510 N/mm2, respectively.

Figure 6 shows the stress-strain curve of the material

used, and Fig. 7 depicts the analysis model with rigid

plates attached to the top and bottom of the damper.

Monotonically increasing horizontal shear force was

enforced at the top and bottom rigid plates. Both the

material and the geometric nonlinearities were considered

in the analysis. Shell elements (S4R) were chosen to

model the damper based on the fact that the thickness of
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Table 1. Dimensions of models (units: mm)

Model L H t h b b/h
No. of cells
(nx×ny)

HD-1 520 150 100 25 2 0.08 6×2

HD-2 - - - - 2.25 0.09 -

HD-3 - - - - 2.5 0.1 -

HD-4 - - - - 2.75 0.11 -

HD-5 - - - - 3 0.12 -

HD-6 - - - - 3.25 0.13 -

HD-7 514 148.5 100 16.5 1.3 0.079 9×3

HD-8 - - - - 1.5 0.091 -

HD-9 - - - - 1.65 0.1 -

HD-10 - - - - 1.8 0.109 -

HD-11 - - - - 2 0.121 -

HD-12 - - - - 2.15 0.13 -

Figure 5. Shear force distribution in each wall of unit
honeycomb damper subjected to shear force V. Figure 6. Stress-strain curve of the structural steel.
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the cell wall is significantly smaller than the other

dimensions. In addition solid elements (C3D8R_8-node

brick, and C3D20R_20-node brick) with 8 and 20 nodes

were also used to model the damper for comparison.

Shell elements are generally used to model structural

elements in which two dimensions are much greater than

the third one. In this case the solid element tends to show

stiffer bending behavior due to locking phenomenon. The

force-displacement relationships of the damper HD-1

obtained from three different finite element modeling are

plotted in Fig. 8, where it can be observed that after the

first yield the strength keeps increasing due to strain

hardening, and the rate of increase in strength becomes

higher in large displacement as a diagonal tension strut is

formed across the cells. The analysis results obtained from

the three different finite element models are similar in the

elastic regime; however as the deformation increases the

strengths obtained using the solid elements become higher

than the strength obtained using the shell elements. Based on

the analysis results the shell elements, which provided the

most conservative force-deformation relationship, were

used to model the honeycomb damper.

Figure 9 shows the force-displacement relationships of

the twelve analysis models plotted up to the maximum

strain of 0.2 (displacement of 30 cm). It was observed

that the vertical cell walls yielded first followed by the

yielding of the slanted cell walls. It can be noticed in the

figure that both stiffness and strength increase as the

thickness-to-height ratio (b/h) of the cell wall increases.

As b/h ratio increased by 0.01 the stiffness and the

strength of the damper increased by 33% and 21% in

average, respectively. For the same b/h ratio the difference

in the height of the cell wall did not make significant

change in the stiffness and the strength as can be observed

in the results of the models HD-1 and HD-7, HD-2 and

HD-8, etc. Figure 10 depicts the von Mises stress contour

of the damper HD-1 and HD-7 at the lateral displacement

of 30 mm. It can be observed that high stress is induced

at the cell wall joints, especially along the tension field

formed diagonally from the left bottom end to the right

top end of the dampers. 

Table 2 compares the stiffness and the strength of the

analysis models obtained from the FE analysis and the

formulas given in Eq. (6) and Eq. (8), respectively. The

comparison shows that the differences in the initial

stiffness and the shear yield strength range from 1 to 8%

and 7 to 22%, respectively. The relatively large difference

in the prediction of the shear yield strength can also be

observed in the study of Ju et al. (2012), who attributed

the difference to the fact that the simplified modeling of

the shear strength of a honeycomb cell provided by the

Gibson and Ashby (1997) fails to cover the local micro-

rotation of cell walls, which induces more local stresses,

resulting in a lower strain.

To investigate the hysteretic behavior of the damper,

cyclic analyses of the model HD-1 to HD-4 were carried

out using the loading protocol for quasi-static cyclic testing

recommended in the FEMA 461 (2007) and shown in Fig.

11. The target displacement was set to be 30 mm which

corresponds to 1% of the story height of a typical

Figure 7. Boundary conditions of the honeycomb damper (HPD-1).

Figure 8. Comparison of the shear force-displacement
relationship of the honeycomb damper (HD-1) modeled
with shell and solid elements.

Figure 9. Force-displacement curve of the honeycomb
damper with different cell height.
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apartment building (3m). Figure 12 depicts the hysteresis

curves of the model HD-1 and HD-4, where it can be

noticed that all dampers show stable hysteresis curves.

The area enclosed in the curve, which indicates the

dissipated hysteretic energy, increases as the b/h ratio

increases. Figure 13 shows that the dissipated energy

increases as the cumulative displacement and b/h ratio

increase. 

The effective viscous damping ratio of the damper, ζeff,

can be estimated using the following simple formula

(Chopra 2007): 

(10)

where Es0 is the potential energy stored at the maximum

displacement δmax and ED is the dissipated energy during

one cycle of vibration. Es0 is obtained by 1/2keffδmax,

where keff is the effective stiffness at the maximum

displacement, and ED is the area of the hysteresis curve.

Figure 14 shows the relationships between the effective

damping ratio and the normalized stiffness, keff/kt, at

various loading cycles, where kt is the initial stiffness. It

ζeff
1

4π
------

ED

Es0

-------=

Figure 10. von Mises stress contour of the FE model at lateral displacement of 30 mm.

Table 2. Comparison of analysis results for monotonic load obtained from the FE analysis and the formulas

Model
k

(kN/mm)
kt

(kN/mm)
k/kt

Vy

(kN)
Vy,t

(kN)
Vy/Vy,t

Δy 
(mm)

V(@Δ = 30 mm)
(kN)

HD-1 24.92 25.60 0.97 26.83 31.78 0.84 1.09 213.37

HD-2 35.18 36.45 0.97 33.06 40.22 0.82 0.94 242.05

HD-3 47.81 50.00 0.96 41.55 49.65 0.84 0.88 271.95

HD-4 62.99 66.55 0.95 49.69 60.08 0.83 0.79 303.78

HD-5 80.87 86.40 0.94 60.49 71.50 0.85 0.76 338.68

HD-6 101.61 109.85 0.92 65.36 83.91 0.78 0.64 376.35

HD-7 22.98 22.62 1.02 28.21 30.51 0.92 1.24 206.80

HD-8 34.94 34.75 1.01 32.99 40.62 0.81 0.94 242.18

HD-9 46.11 46.25 1.00 44.41 49.15 0.90 0.97 270.82

HD-10 59.31 60.05 0.99 47.07 58.50 0.80 0.79 302.02

HD-11 80.28 82.37 0.97 63.66 72.22 0.88 0.79 347.42

HD-12 98.66 102.32 0.96 77.52 83.46 0.93 0.79 384.17

Figure 11. Displacement loading history specified in
FEMA 461.
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can be observed that the effective damping ratio of the

honeycomb dampers ranges from 37 to 51%, and generally

decreases as the effective stiffness increases. This result is

similar to the result observed in the tests of steel slit

dampers (Chan and Albermani, 2007).

4. Bilinear Idealization of the Honeycomb 
Damper

For seismic retrofit of a structure using the honeycomb

damper, a series of nonlinear dynamic analysis using

various earthquake records is generally required. To save

the computation time required for dynamic analysis of a

nonlinear system, the nonlinear force-displacement

relationship of the damper unit was idealized as bilinear

lines in such a way that the areas under the actual and the

idealized curves are identical as shown in Fig. 15. The

yield point of the bilinear curve, E, was determined as the

cross point of the initial stiffness line and the tangent line

at the starting point of the strain hardening, D. The

maximum displacement was set to be 20% of the total

damper height, and the strength at the maximum

displacement, H, corresponds to the effective maximum

strength of the idealized system. Table 3 shows the

parameters required to transform the nonlinear model for

each damper into the bilinear model, such as the ratio of

the initial stiffness (α1= k/kt), strength ratio (β1 = Vp/Vy,t,

β2= Vu/Vy,t), and the stiffness ratio after yield (γ1 = kp/kt),

where k is the initial stiffness obtained from FE analysis,

Vp and Vu are the yield and the ultimate force obtained

from the equivalent bilinear model, and kt and Vy,t are the

initial stiffness and the yield strength obtained from the

formulas Eq. (6) and Eq. (8), respectively. Using those

parameters the post-yield stiffness and the strength of the

simplified bi-linear model can be defined as follows: 

(11)

(12)

(13)

k α1kt=

Vp β1Vy t,=

Δp

β1

α1

-----Δy t,=

Figure 12. Hysteresis diagram of the honeycomb dampers.

Figure 13. Cumulative dissipated energy of the honeycomb
dampers.

Figure 14. Equivalent damping ratio of the honeycomb
dampers.
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(14)

(15)

where the yield displacement Δy,t is obtained from Eq. (9),

and the mean values of the parameters α1, β1, β2, are γ1
are 0.97, 1.34, 4.24, and 0.11, respectively.

5. Seismic Retrofit of a 15-story Structure 
with Honeycomb Dampers

5.1. Analysis modeling of the case study structure

The effectiveness of the honeycomb dampers was

verified through the analysis of a 15-story reinforced

concrete apartment building before and after the retrofit.

Figure 16 shows the configuration and dimension of the

analysis model structure, which has the typical plan shape

of apartment buildings built during early 1970’s in Korea.

The structure was designed to resist wind load as well as

gravity loads, but earthquake load was not considered in

the design. Therefore longer sides of columns are located

along the transverse direction which is subjected to larger

wind load. The slabs were assumed to be rigid diaphragm,

and the strengths of reinforced concrete and re-bars were

assumed to be 21 MPa and 400 MPa, respectively. The

columns and beams in three consecutive stories were

designed using the same elements. Considering the low

story height, the depth of floor beams was limited to

35 cm. The dimensions and re-bar placements of the

structural elements in the first story are shown in Table 4.

The effective stiffness of the beams and columns in elastic

range was reduced to 0.5EcIg and 0.7EcIg, respectively,

considering cracked section. The shear strength of the

elements was reduced to 0.4EcAw. The fundamental natural

period of the model structure turned out to be 2.7 second

along the longitudinal direction and 2.3 second along the

transverse direction. Inherent damping ratio of 5% of the

critical damping was assumed in the dynamic analysis.

For nonlinear analysis, the beams and columns were

modeled by beam and column elements in Perofom 3D,

respectively, and their nonlinear bending moment vs.

rotation relationships of represented by tri-linear lines as

shown in Fig. 17. The post yield stiffness varies depending

on the axial force as specified in the ASCE/SEI 41-06.

Following the recommendation of ASCE/SEI 41-06, the

over-strength factors of 1.5 and 1.25 were applied for the

strength of reinforced concrete and re-bars, respectively.

5.2. Seismic performance of the model structure

The seismic performance of the model structure was

evaluated using the seismic performance criteria of ASCE/

SEI 41 (2006). Nonlinear static analysis was carried out

using the program code Perform 3D (2006). Pushover

analyses were carried out along the longitudinal and the

transverse directions using a lateral load proportional to the

fundamental mode shape in each direction. Monotonically

increasing lateral loads were applied until the roof

displacements reached 4% of the building height, and the

base shear vs. roof displacement curves were plotted in

Fig. 18. The p-delta effect option was selected in the

analysis, and the gravity load of 1.1 DL + 0.25 LL was

kp γ1α1kt=

Vu β2Vy t,=

Table 3. Results of a simplified bi-linear stress-strain curve

Model
Vp

(kN)
Vp/Vy,t

Vu

(kN)
Vu/Vy,t

Kp

(kN/mm)
kp/k

HD-1 40.32 1.27 148.88 4.69 3.82 0.15

HD-2 50.79 1.26 180.20 4.48 4.53 0.13

HD-3 63.13 1.27 213.20 4.29 5.23 0.11

HD-4 75.81 1.26 249.65 4.16 6.04 0.10

HD-5 89.16 1.25 289.84 4.05 6.94 0.09

HD-6 105.05 1.25 330.54 3.94 7.78 0.08

HD-7 43.17 1.41 142.48 4.67 3.53 0.15

HD-8 57.06 1.40 178.97 4.41 4.30 0.12

HD-9 69.73 1.42 208.50 4.24 4.87 0.11

HD-10 82.68 1.41 240.63 4.11 5.52 0.09

HD-11 102.29 1.42 286.46 3.97 6.41 0.08

HD-12 118.23 1.42 322.54 3.86 7.09 0.07

average
1.34
(β1)

4.24
(β2)

0.11
(γ1)

Figure 15. Bi-linearized stress-strain curve.
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imposed on the structure for seismic analysis. The points

corresponding to the design base shear, yield point, and

the maximum inter-story drift of 2% were indicated on the

pushover curves. The design base shears were obtained

using the response spectral acceleration recommended by

the current seismic design code of Korea, the design spectral

acceleration coefficients SDS= 0.49 and SD1 = 0.28. The

response modification factor of 3.0 and the importance

factor of 1.2 were also used. It can be observed in the

pushover curves that the strength along the longitudinal

direction is significantly smaller than the strength along

the transverse direction, even smaller than the design base

shear required by the current design code. This is due to

the fact that the design wind load along the transverse

direction is much higher, and the seismic load was not

considered in the design. It was observed that, when loaded

along the longitudinal direction, plastic hinges first formed at

the beams in the mid height and subsequently spread

throughout the stories. The strength rapidly decreased when

plastic hinges formed at the columns in the tenth and

eleventh stories. Based on the pushover analysis results it

was concluded that the model structure needed seismic

retrofit along the longitudinal direction to resist the

seismic load required by current design code.

Figure 16. Configuration of the analysis model structure.

Table 4. Size of the first story beams and columns (mm)

(a) Beams

Name
Beam size

 (width×depth)

Rebar

Ends Middle

GA 250×250 2-D16 2-D16

GB 330×300 2-D19 2-D19

GC 250×250 2-D16 2-D16

G1 330×350 4-D22 2-D22

G2-6 350×350 6-D22 4-D22

G7 330×350 6-D22 2-D22

(b) Columns

Name Column size 
Rebar

Main Tie

CA1 350×400 8-3 D19 D10@250

CA2-3 350×600 8-3 D29 D10@400

CA4 350×550 8-3 D25 D10@400

CA5-6 350×600 8-3 D29 D10@230

CA7 350×500 8-3 D25 D10@400

CB1 350×600 8-3 D25 D10@370

CB2-3 350×1000 12-3 D29 D10@210

CB4 350×1000 12-3 D29 D10@210

CB5-6 350×1200 12-3 D32 D10@400

CB7 350×900 12-3 D29 D10@400

Figure 17. Nonlinear moment-rotation relationship of
bending members.
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5.3. Response of the structure retrofitted with 

honeycomb dampers 

For seismic retrofit of the analysis model structure, two

honeycomb dampers were installed per story in the center

frame (frame B in Fig. 16) along the longitudinal direction

as depicted in Fig. 19. Dampers were installed between

two floors using the rigid chevron bracing from 2nd to 9th

story where inter-story drifts are relatively large. Based

on some trials, it was confirmed that the strength of the

retrofitted structure satisfied the design base shear when

the shear capacity of the dampers installed in each story

was 27.5% of the design base shear, which is 475 kN.

The dimension of the damper was determined so that the

maximum shear strain of 0.2 was reached at the inter-

story drift of 1.5% of the story height. The total width and

height of the damper were determined to be 1,067 mm and

198 mm, respectively, and the height and the thickness of

each cell wall are 22 mm and 2.9 mm, respectively. The

depth of the damper was determined as 100 mm. Using

Eq. (11) to (15) the initial and the post-yield stiffness are

computed as 159.19 and 17.51 kN/mm, respectively, and

the yield and ultimate strength are 237.37 and 751.10 kN,

respectively. 

The bi-linear behavior of the honeycomb damper was

modeled using the ‘Rubber Type Seismic Isolator Element’

in the Perform 3D. Figure 20 shows the pushover curves of

the structure along the longitudinal direction before and

after the retrofit. It can be observed that both stiffness and

strength of the model structure increased significantly as

a result of the damper installation. It was observed that

plastic hinges first formed at the middle story beams and

spread to the beams in the nearby stories, as observed in

the structure before retrofit. 

Nonlinear dynamic analyses were carried out using the

Figure 19. Location of honeycomb dampers in the 15-story structure.

Figure 18. Pushover curves of the model structure.

Figure 20. Pushover curves of the model structure before
and after retrofit with honeycomb dampers.
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seven earthquake records provided in the Pacific Earthquake

Engineering Research (PEER) Center NGA Database.

The characteristics of the records are presented in Table 5.

The records were scaled in such a way that the response

spectral acceleration of each record corresponding to the

natural period of the structure matches with the design

spectrum. Figure 21 shows the time histories of the top

story displacements of the structure before and after the

retrofit obtained from the analysis. It can be observed that in

most cases both the maximum displacement and the

permanent displacement decreased due to the installation

of the dampers. Figure 22 depicts the hysteresis curve of

the damper located in the second story during Kobe

earthquake, where it can be observed that the dampers

experienced many cycles of full yielding, dissipating

large amount of seismic energy. Compared with the

hysteretic behavior of the damper obtained from the FE

analysis presented in Fig. 12, the hysteresis curve shown

in Fig. 22, which was obtained based on the simplified

bilinear stress-strain relationship, has higher unloading

stiffness. This may lead to smaller residual displacement

in the model structure installed with the dampers than

actually occurs in the structure. Therefore the significant

reduction in the permanent displacement observed in Fig.

21 may be partly contributed from the bilinear simplification

of the hysteretic behavior. Figure 23 shows the maximum

inter-story drifts of the model structure obtained from

nonlinear dynamic analysis before and after the retrofit.

Before the retrofit the inter-story drifts obtained from

some records exceeded the limit state of 2% of the story

height, whereas in the retrofitted structure all inter-story

drifts are within the limit state. The reduction of inter-

story drifts is most significant in the stories where

dampers are installed. The reduction in the inter-story

drift seems to be contributed from the installation of the

dampers, not from the change in the natural period of the

structure, based on the observation that the seismic

demand generally increases as a result of decrease in

natural period after dampers are installed. The dissipated

energy in the structure during each earthquake is plotted

in Fig. 24. It can be observed that seismic energy was

dissipated in the beams of the structure without retrofit,

whereas in the structure with honeycomb dampers

significant amount of energy was dissipated in the

dampers and the energy dissipated by the beams was

greatly reduced. This implies that less damage occurred

in the structural members. 

6. Seismic Design of a New Moment framed 
Structure with Honeycomb Dampers

In this section the honeycomb dampers were applied to

seismic design of a three-story RC moment frame located

Table 5. Earthquake records used in dynamic analysis

ID Name Component PGA (g)

1C1 Northridge (1994) NORTHR/MUL009 0.52

5C1
Imperial Valley 

(1979)
IMPVALL/H-DLT262 0.35

7C1 Kobe (1995) KOBE/MIS000 0.51

13C1 Loma Prieta (1989) LOMAP/CAP000 0.53

16C1
Superstition Hills 

(1987)
SUPERST/B-ICC000 0.36

19C1 Chi-Chi (1999) CHICHI/CHY101-E 0.44

21C1 San Fernando (1971) SFERN/PEL090 0.21

Figure 21. Nonlinear dynamic analysis results of the
model structure for various earthquake records before and
after retrofit.
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in downtown Los Angeles. The building was designed

per ASCE 7-10 as a special moment frame using the

design spectral acceleration coefficients SDS = 0.73 and

SD1 = 0.60 with site coefficients for the Stiff Soil. The

ultimate strengths of concrete and reinforcing steel are

27 MPa and 400 MPa, respectively. Figure 25(a) shows

the structural plan and elevation of the model structure.

The perimeter special moment frames were designed to

resist all seismic load and the interior frames were

designed only for gravity load. Table 6 shows the

member size and re-bar placement of the model structure,

where GB and GC represent the interior beams and

columns, respectively, and SB1 and SC1 represent the

first story exterior beams and columns, respectively. 

It is specified in the ASCE 7-10 that the design base

shear of a structure can be reduced up to 25% when energy

dissipation devices are installed. Based on this stipulation

the original structure was redesigned using only 75% of the

original base shear, which is 3,489 kN. Four dampers were

installed in each story, one at the center bay of each

exterior moment frame as shown in Fig. 25(b). The

honeycomb dampers were designed in such a way that

the shear capacity of the two dampers located for each

direction corresponded to 25% of the story shear. The

total width and height of the damper were determined to

be 1,067 mm and 198 mm, respectively, and the height of

each cell wall is 22 mm. The thickness of the cell wall is

3.3 mm in the third story, 4.3 mm in the second story, and

4.7 mm in the first story. The natural period of the structure

decreased from 1.5 second in the structure designed with

Figure 22. Hysteresis loop of the 2nd story honeycomb
damper subjected to Kobe EQ.

Figure 23. Max. inter-story drifts of the model structure subjected to seven ground motions.

Figure 24. Dissipated energy in the structure during earthquakes before and after the retrofit.
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75% of the design base shear to 0.75 second in the

structure with honeycomb dampers. It was also observed

that the size of the beams and columns decreased by

about 15%.

Time history analyses of the model structure with

honeycomb dampers subjected to the seven selected

ground motions listed in Table 5 were carried out using

Perform-3D. Figure 26 shows the roof displacement time

histories of the model structure designed with 100% of

the design base shear and the structure designed with

75% of the base shear plus the honeycomb dampers

subjected to three ground motions. It can be observed

that, even though the maximum displacements turned out

to be similar to each other, the structure with honeycomb

dampers experienced less permanent displacement

compared with the structure without the dampers. Figure

27 compares the maximum inter-story drifts of the two

model structures obtained from dynamic analysis using

the seven earthquake records. For some records the

structure designed without dampers showed larger inter-

story drifts, while for other records the opposite was true.

Therefore no significant difference could be observed in

the maximum inter-story drifts.

Figure 28 shows the dissipated hysteretic energy in the

structures without and with the dampers subjected to the

Figure 25. Configuration of the 3-story moment frame.

Table 6. Sectional properties of the 3-story structure

(a) Beams

Section Size(mm)

Rebars

Exterior (i,j) Interior (m)

Top Bottom Top Bottom

GB 460×500 3-D25 5-D25 3-D25 8-D25

SB1 460×660 9D-25 7-D25 4-D25 4-D25

SB2 460×620 10-D25 7-D25 4-D25 4-D25

SB3 460×580 7-D25 4-D25 3-D25 3-D25

(b) Columns

Section Size(mm) Rebars

GC 400×400 11-D25

SC1 680×680 16-D29

SC2 680×680 16-D29

SC3 680×680 16-D29

Figure 26. Nonlinear dynamic analysis result of the 3-
story moment frame.



228 Minhee Lee et al. / International Journal of Steel Structures, 17(1), 215-229, 2017

seven earthquakes. As observed in the previous example

significant amount of energy was dissipated due to stable

hysteretic behavior of the dampers. As a result of energy

dissipation in the dampers, the energy dissipation in the

structural members, especially in the beams, is quite

significant.

6. Conclusions

This paper explored the validity of honeycomb shaped

steel hysteretic dampers applied to seismic retrofit of a

structure. The formulas for the initial stiffness and yield

strength of a damper unit were derived based on the cell

wall bending model, and the bilinear force-displacement

model of the honeycomb damper was developed based on

the nonlinear force-displacement relationship obtained from

finite element analysis. The stiffness of the honeycomb

damper turned out to be quite sensitive to the thickness to

height ratio of a unit cell, and the desired stiffness, strength,

and deformation capacity of a damper could easily be

achieved by controlling the horizontal and vertical number

of damper units as well as the thickness/height of a unit cell. 

The honeycomb dampers were applied for seismic

retrofit of a 15-story RC moment frame building and for

alternative seismic design of a 3-story moment frame. The

analysis results of the model structures using seven

earthquake records showed that the honeycomb dampers

contributed significantly to the enhancement of the

strength and stiffness of the model structure. The nonlinear

time history analysis results showed that after installation of

the dampers the permanent displacements were significantly

reduced. It was also observed that in the structure with

honeycomb dampers large amount of energy was

dissipated in the dampers resulting in less damage in the

structural members. 

The main advantage of honeycomb dampers compared

with other hysteretic dampers is the flexibility in the design

of its configuration and yield/deformation capacities. It can

be easily installed in a given space in variety of shapes.

The desired stiffness and strength of the damper can easily

be produced by various combinations of height, depth,

thickness, and number of honeycomb cells. 

Figure 27. Maximum inter-story drift of the structure with dampers.

Figure 28. Dissipated inelastic energy in the model structures.



Seismic Retrofit of Structures Using Steel Honeycomb Dampers 229

Acknowledgement

This research was supported by a grant (13AUDP-

B066083-01) from Architecture & Urban Development

Research Program funded by Ministry of Land,

Infrastructure and Transport of Korean government

Reference

ABAQUS Ver. 6.9 (2009) Dassault Systmes, Simulia Corp.

Providence, RI, USA.

ACI 318-11 Building Code Requirements for Structural

Concrete and Commentary, American Concrete Institute.

Alti-Veltin B., Gandhi F. (2010) Effect of Cell Geometry on

Energy Absorption of Honeycomb Under In-Plane

Compression, American Institute of Aeronautics and

Astronautics, pp. 466-478.

ASCE/SEI 41-06 Seismic Rehabilitation of Existing Buildings,

American Society of Civil Engineers, Reston Virginia.

ASCE/SEI 7-10 Minimum Design Loads for Buildings and

Other Structures, American Society of Civil Engineers,

Reston Virginia.

Aref A.J., Jung W.(2003) Energy-Dissipating Polymer Matrix

Composite-Infill Wall System for Seismic Retrofitting,

Journal of Structural Engineering, 129, pp. 440-448.

Benavent Climent A., Oh S., Akiyama H.(1998) Ultimate

Energy Absorption Capacity of Slit Type Steel Plates

Subjected to Shear Deformations, Journal of Structural

and Construction Engineering, AIJ, 503, pp. 139-147.

Benavent Climent A., Morillas L., Vico J.M. (2010) A study on

using wide-flange section web under out-of-plane flexure for

passive energy dissipation, Earthquake Engineering and

Structural Dynamics, 40, pp. 473-490.

Chan R.W.K., Albermani F. (2008) Experimental study of

steel slit damper for passive energy dissipation,

Engineering Structures, 30, pp. 1058-1066.

Chopra AK. Dynamics of structures: Theory and applications to

earthquake engineering. Englewood Cliffs (NJ): Prentice

Hall; 2007.

Computer and Structures (2006) PERFORM components and

elements for PERFORM 3D and PERFORM-Collapse

ver.4, CSI, Berkeley, CA.

Federal Emergency Management Agency (FEMA) (2007)

Interim protocols for determining seismic performance

characteristics of structural and nonstructural components.

Report No. FEMA 461, Washington, DC, USA.

Gibson L.J., Ashby M.F.(1997) Cellular solids Structure and

Properties, 2nd ed., Cambridge University Press, Cambridge,

UK.

Ju J.,Summers J.D.(2011) Compliant Hexagonal Periodic

Lattice Structures Having Both High Shear Strength and

High Shear Strain, Material and Design, 32(2), 512-524.

Ju J., Summers J.D., Ziegert J., George Fadel (2012) Design

of Honeycombs for Modulus and Yield Strain in Shear,

Journal of Engineering Materials and Technology,

134(1), 011002.

Kim T., Kim J.(2007) Seismic Performance Evaluation of a

RC Special Moment Frame, Structural Engineering and

Mechanics, 27(6), pp. 671-682.

Kobori T., Miura Y., Fukuzawa E., Yamada T., Arita T.,

Takenaka Y., Miyagawa N., Tanaka N., Fukumoto T.

(1992) Development and application of hysteresis steel

dampers, 10th World Conference of Earthquake Engineering,

Balkema, Rotterdam, pp. 2341-2346.

Ko G., Joo J., Hwang J., Kang K. (2010) Application of

Wire-woven Bulk Kagome as a Vibration Control Device

for a Building Structure, Proceedings the international

Conference on Sustainable Building Asia, pp. 293-298.

Köken, A. and Köro lu, M. (2015) Experimental Study on

Beam-to-Column Connections of Steel Frame Structures

with Steel Slit Dampers. J. Perform. Constr. Facil., 29(2). 

Maleki S., Bagheri S. (2010) Pipe damper, Part I: Experimental

and analytical study, Journal of Constructional Steel

Research, 66, pp. 1088-1095.

Maleki S., Mahjoubi S. (2013) Dual- Pipe damper, Journal

of Constructional Steel Research, 85, pp. 81-91.

PEER (2006) Peer NGA Database, Pacific Earthquake

Engineering Research Center, University of California,

Berkeley, U.S.A.

Teruna DR, Majid TA, Budiono B (2015), Experimental Study

of Hysteretic Steel Damper for Energy Dissipation

Capacity, Advances in Civil Engineering. Published online,

http://dx.doi.org/10.1155/2015/631726 

Tsai K., Chen H., Hong C., Su y. (1993) Design of Steel

Triangular Plate Energy absorbers for Seismic-Resistant

Construction, Earthquake Spectra, 9(3), pp. 505-528.

Wang A.-J., McDowell D.L.(2004) In-Plane Stiffness and

Yield Strength of Periodic Metal Honeycombs, Journal of

Engineering Materials and Technology, 126, pp. 137-156.

Whittaker A.S., Bertero V.V, Alonso L.J., Thompson

C.L.(1989) Earthquake Simulator Tests of Steel Plate

Added Damping and Stiffness Elements, Report No.

UCB/EERC-89/02, Earthquake Engineering Research

Center, University of California, Berkeley, CA.

g
o



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


