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ABSTRACT

In this paper, a new passive earthquake damper termed as Bar-Fuse Damper (BFD) is presented for frame
structures. The BFD is developed from common steel sections such as hot-rolled Square Hollow Sections (SHS),
C-channels, plates and bars. It is economical, easy to install and build with no special fabrication technique. The
key feature of the BFD is using round steel bars as energy absorber components that can be easily replaced in
case of failure. The proposed device dissipates the energy with the replaceable bars as sacrificial elements
through the flexural and tensile mechanism. The performance of several full-scale BFDs was evaluated with a
series of monotonic and cyclic experiments, and the bars successfully performed their function as energy ab-
sorbers and fuses in all specimens. The effects of variations in the number, length and diameter of bars in the BFD
along with the nuts arrangement were investigated in this experimental study. This study indicates that the
recommended device has stable hysteretic behaviour under cyclic loads with two significant features: appro-
priate energy dissipation and replaceability of the fuses, which can be useful to protect the main elements of
structures from plastic deformation and failure for several events. The results obtained for the BFD are promising
for its use as a passive seismic damper in engineering structures in order to improve the seismic behaviour of
structures as well as dissipating the earthquake energy.

1. Introduction

Generally speaking, structural control can be categorized as active,
semi-active and passive control [1]. In active and semi-active control
systems, the structural response varies based on the characteristics of
the forces applied to the structure by an earthquake or wind. In other
words, the structural response to the applied forces is adjusted by a
control system to sustain the input loads. These control systems may
consist of a power supply, sensors and hydraulic jacks [2]. On the other
hand, the passive structural control is independent of the forces applied
by an earthquake or wind and only depends on the type of equipment
and material that were used in the damper. The main goal of the passive
control systems is to reduce the contribution of the principal structural
elements in dissipating the input energy by plastic deformation. Base
isolators, metallic yielding dampers, friction dampers, viscous and
viscoelastic dampers, tuned mass and liquid dampers are all classified
as passive control systems [3,4].

In spite of their simplicity, metallic yielding dampers, as structural
control systems, offer special features such as economic efficiency,
while requiring neither advanced technology nor experts for fabrication
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and installation of the system. Another advantage of such dampers is
the simplicity of their simulation through mathematical and finite
element models, which is helpful in designing and predicting their
behaviour. The energy dissipation in this type of damper is carried out
by plastic deformation in different mechanisms such as bending, shear,
torsion or a combination of them in the energy absorbers. Metallic
dampers were first manufactured in Japan and New Zealand about
50 years ago. In Japan, Muto and Guerrero have implemented slitted
wall and damping strips for partition walls respectively, in a number of
buildings for earthquake energy dissipation [5,6]. In New Zealand,
Kelly and Skinner have carried out experimental investigations on en-
ergy absorbers such as torsional beams, u-strips and flexural beams
[7,8].

ADAS (Added Damping and Stiffness) and SSD (Steel Slitted
Damper) are among the most familiar metallic yielding dampers that
have been put into use in buildings in the US, Japan, Italy and Mexico
[3,9]. ADAS consists of a series of X- or triangular-shaped steel sheets
that dissipate the energy applied to the structure by bending [10]. The
SSD damper is composed of one or more slitted sheets that dissipate
energy through planar deformation and shear-bending mechanisms
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Fig. 1. Deformed and un-deformed states of a bar.

[11]. The two dampers named here are particular to Chevron braced
frames and cannot be implemented on diagonal-braced frames. A new
type of metallic damper, known as CSYB (Cast-Steel Yielding Brace),
was introduced in Canada which is very similar to TADAS in perfor-
mance [12]. Only different in that it is made of cast steel instead of steel
and can be implemented in diagonal braced frames. Researchers have
extensively studied new metallic dampers in recent years [13-16].
Some researchers, interestingly, gave the name fuse to metallic dam-
pers, given that they are sacrificed in keeping the principal elements of
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the structure safe from damage [12,17,18]. Although, many of these
dampers do not seem to be easy to replace after failure.

Generally, the two important characteristics attributed to fuses are
that they are made of inexpensive materials and are easily replaced.
Considering these features, a new metallic yielding damper, named
Fuse Damper (FD), was designed so that the replaceable parts, or fuses,
offer reasonable energy dissipation by bending, as shown in Fig. 1. The
fuses used in this damper can be made of any material, and in any cross-
section geometry, provided that they have adequate energy absorption
characteristics. Six factors control the behaviour of this damper,
namely: the material and shape of the parts, the number of the parts,
the dimensions (length and width) of the parts, and the fixing method of
the parts. The body and geometry of the damper are rigidly designed to
transfer all the displacement of the device to the fuses, thus being
plastically deformed. In the first stage, a round steel bar was used as the
fuse or sacrificial element, and the setting was named Bar-Fuse Damper
(BFD). Provided it fulfils the requirements of a metallic damper, sig-
nificant advantages can be cited for this device, including: the low
weight of the fuses, their low cost, ease of replacement, fabrication with
no need for complex and expensive material and equipment, the pos-
sibility of the device being made on the construction site, no need for
maintenance during operation, applicable to different frame config-
urations, and familiarity of operation engineers with the material used
and its behaviour. It should be noted that, as an advantage, the sug-
gested damper only acts under earthquake force and has no role in
resisting the static loads of the structure.

The aim of this study is to evaluate the characteristics of the BFD
individually. The outline of this study can be summarized as follows:
after initially designing the BFD, the effect of the rebar nuts config-
uration on the behaviour of the dampers was evaluated through a
number of experiments and the most efficient configuration was

Fig. 2. Geometric illustration of the Bar-Fuse Damper (BFD).
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selected. Then, in order to evaluate the hysteretic behaviour of the BFD,
a series of quasi-static cyclic tests were performed, calculating the im-
portant mechanical characteristics of the BFD based on test results.
Moreover, a parametric study was performed based on the experimental
data and a series of formulas were presented for the mechanical char-
acteristics, together with a design chart that can be used in the initial
design process of the BFD. Then a two-line model equivalent to spring
behaviour was computed and presented for the analysis software.
Furthermore, the BFD was modelled by ANSYS to compare the results of
non-linear analysis and the experiments. Finally, a comparison was
made between well-known metallic dampers and the BFD based on
their mechanical features. The main findings of this study are presented
in the final section of this paper, which suggests the possibility of im-
plementing BFD as metallic dampers in structures.

2. Bar-Fuse Damper

The basic geometry of the proposed device is illustrated in Fig. 2.
The Bar-Fuse Damper (BFD) (a) comprise three main parts; an outer
part (b), an inner part (c) and a fuse part (d). The outer and inner parts
are rigid and are connected to each other by the flexible fuse part. The
outer part is fabricated as a square tube with some facing holes in its
web, a connection plate with some slots to attach the part to the brace
member, and two perforated flat plates welded to the square tube to
prevent its body from crippling, and to make safe supports for the fuses.
The inner part is made up of two structural channel sections welded to
each other symmetrically by a perforated flat plate. All the described
components of the outer part and the inner part are welded properly
together to make rigid parts. The fuse part includes replaceable steel
bars with both ends threaded, as the yielding components of the
damper which can be readily installed in the device by nut fasteners.
The bending length, diameter and quantity of the bars can control the
mechanical characteristics of the BFD, such as strength and stiffness.
Due to the axial tension/compression force of the brace members, the
inner part moves back and forth inside the outer part and causes de-
formation in the bars.

The Bar-Fuse Damper (BFD) dissipates energy based on plastic de-
formation of the steel bar. In this damper, the mechanism of energy
dissipation depends directly on the range of bar deformation. The
flexural mechanism plays a main role in energy dissipation at small
displacements, while it transforms to the tensile mechanism at rela-
tively large displacements. The mentioned transformation of the dis-
sipation mechanism from flexural to tensile increases the secondary
stiffness and strength of the BFD to a much higher value.

Fig. 3 shows three suitable configurations in which the Bar-Fuse
Damper was added to the frame of a structure. The BFD for the middle
of the braces can be set up in diagonal and chevron braces as shown in
Fig. 3(a) and (b). As an advantage compared to other metallic dampers,
there are fewer limitations to install the BFD in a frame. For instance, it
can be applied as a connection of the brace to the frame, as shown in
Fig. 3(c), although, some modifications in the geometry of the parts are
necessary. In this case, the gusset plates of the braces connection per-
form the same function as the inner part of the BFD. However, it might
be subjected to unexpected forces as moments due to rotations, which
should be considered in design and construction of the proposed device.

3. Experimental study

The purpose of the experiments is to verify the structural char-
acteristics and efficiency of the BFD. Monotonic and quasi-static cyclic
loading tests were performed on several specimens to evaluate the
energy dissipation capacity, along with the cyclic performance and
behaviour of the BFDs. The diameter, length and number of the steel
bars, as three key parameters of the BFD, were studied in this experi-
mental verification. Similarly, a series of experiments were conducted
on the device to study the influence of different nut configurations on
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the performance of the BFDs. To obtain the ultimate strength and dis-
placement of the steel bars, monotonic tests were conducted for some
specimens until failure of the bars. These results were also helpful for
evaluating the yielding load and yielding displacement of the BFDs.

3.1. Specimens

A total of three specimens were fabricated at the structural lab of
University Teknologi Malaysia (UTM). To make the specimens reusable
for several experimental tests, the outer and inner parts of the BFDs
were designed to be rigid, so that the bars would carry all the applied
loads through bending. Therefore, these parts were used for several
tests to study the influence of different diameters, quantities and
bending length of the steel bars on the behaviour of the BFD. To assess
the effect of different bending lengths of the bars, the inner distance of
the tubes was reduced by welding two perforated flat plates inside the
square tubes of the BFDs properly. Table 1 lists the dimensions of the
applied components which were used for fabrication of the main parts.

To acquire the mechanical properties of the bars, 13 tension coupon
tests (at least three tests for each diameter of bars) were completed on
specimens of bars, following the ASTM A370 standard [19]. The
average values for the mechanical properties of bars are calculated and
listed in Table 2.

To simplify the naming of specimens in tests, a particular config-
uration has been defined for their names in the general form [No. 1]
[ELEMENT][No. 2]-[No. 3]. No. 1 indicates the number of fuses in the
BFD, which it is the number of bars. The second term, ELEMENT, shows
the type of fuse component, such as a bar. No. 2 shows the diameter of
the applied fuse, and No. 3 stands for the bending length of the fuse. As
mentioned earlier, the fuse element is a round steel bar in this paper,
which is normally used in the concrete structures. The list of monotonic
and cyclic tests with relevant information about specimens is tabulated
in Table 3.

3.2. Tests setup and loading protocol

An INSTRONB8801 testing machine was used in the UTM structural
lab, to investigate the performance of the BFDs. Fig. 4 shows the test
setup of this experimental study. Two particular controller software,
BlueHill and WaveMaker, were used for the monotonic and quasi-static
cyclic tests respectively. This testing machine can report the displace-
ments and load history directly to a computer in real-time.

Two rigid transition parts, as shown in Fig. 4, were fabricated from
structural steel, to make the installation of BFDs on the testing machine
feasible. The transition part comprised an inner threaded tube with a
flange at one end (for connecting to the testing machine), and a thick
slotted plate at the other end (for connecting to the inner or outer parts
of the BFDs through M12 bolts). The function of the transition part was
to transfer uniformly the axial load from the actuator to the specimen,
as well as providing a suitable platform to mount easily the BFD on the
testing machine. Considering that the metallic dampers are relatively
independent of the rate of the loading, the loading speed was selected in
the range of 5-20 mm/min, depending on displacement amplitude in
the loading protocol. Fig. 5 shows the testing apparatus and the spe-
cimen of 3BFD10-188 before the cyclic test.

The Quasi-Static Cyclic tests were carried out on the BFDs under
displacement control within the elastic and inelastic range. The dis-
placement history was calculated according to FEMA461 protocol
1[20]. The required maximum displacements (A,,) for calculating the
displacement amplitudes of loading histories were determined based on
ultimate displacements obtained from the monotonic tests. The dis-
placement amplitudes for different load protocols were calculated for
each step based on the protocol procedure, as listed in Table 4.

According to the FEMA461, two cycles with equal displacement
were allocated to each step of the loading history. If the specimen had
not failed at the estimated maximum displacement (A,,), the test was
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Fig. 3. Possible configurations for installation of the BFD in a frame.

Table 1
Components dimension of the BFD.

Parts ID Components QTY Length Width Depth Flange width Thickness Diameter Description
(mm) (mm) (mm) (mm) (mm) (mm)
Outer part 1 Square tube (BSI) 1 300 200 200 - 6 - 6 Holes 11/13/15 mm
2 Added plate (outside) 2 300 100 - - 10 - 3 Holes 11/13/15 mm
4 Connection plate 1 350 350 - - 10 - 12 Slots for M12
- Added plate (inside) 2 300 60 - - 15 - 3 Holes 11/13/15 mm
Inner part 6 Connection plate 1 350 350 - - 10 - 12 Slots for M12
8 RSC Channels (BSI) 2 300 - 127 64 6.4 -
9 Middle plate 1 300 160 - - 10 - 3 Holes 11/13/15mm
Fuse part 11 Round bar - 280 - - - - 10, 12, 14 35 mm Threaded Ends
Table 2 configurations, a total of three experiments were performed on the BFD
Material properties of steel bars. with the INSTRON testing machine. Three nuts configurations, Type A,
- — - - - B and C as shown in Fig. 6(a)/(b)/(c), were tested for the proposed
Bar diameter ~ Modulus of elasticity ~ Yield stress  Ultimate stress  Elongation . . . . . .
(mm) (GPa) (MPa) (MPa) ) device. Type A is a normal configuration (NC) including nuts at both
ends of the threaded bar, as shown Fig. 6(d), on the outside of the outer
10 228 450 468 13 part. This is the simplest configuration for mounting and replacing the
12 216 569 601 18 bars in the BFDs. In Type B and C, as shown in Fig. 6(e) and (f), a Fully
14 210 517 554 14

followed by increased amplitudes of (1.3A,,) for every single cycle until
complete failure.

3.3. Selection of proper nuts configuration

As mentioned earlier, the performance of the BFD highly depends on
the nuts configuration of the applied bars. In fact, the nuts configura-
tion has a major role on changing the bars reaction to the applied loads.
In other words, this feature can alter the energy-dissipating mechanism
in the BFD. To study and verify the influence of various nuts

188

Threaded Bar (FTB) was used with two more nuts inside the outer part,
as Nuts on Both Sides (NBS) or Nuts in the Middle (NIM), as also shown
in Fig. 6(e) and (f) respectively. In addition, to study the influence of
different materials of the bar in the BFD, one high strength FTB was
evaluated with the Type A nut configuration, as shown in Fig. 6(g).
The output of the above experimental studies is the force-displace-
ment hysteresis, as shown in Fig. 7(a) and (b), which is useful to assess
the effect of different nuts configurations on the behaviour of BFDs. The
shape of the curves for specimen 1FTB10-188 with Type B nut config-
uration is not very stable at the unloading segment and at loading in the
reverse segment (minus sign). Type C shows more stable behaviour
than Type B, but it bears a lower number of loading cycles compared
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Table 3
List of specimens and experiments.

Specimens Bars Tests
Diameter Length” QTY Monotonic Cyclic
(mm) (mm)

1Bar10-188 10 188 1 x X
2Bar10-188 10 188 2 X X
3Bar10-188 10 188 3 X X
1Bar10-158 10 158 1 X X
2Bar10-158 10 158 2 x
3Bar10-158 10 158 3 X
1Bar12-188 12 188 1 X X
2Bar12-188 12 188 2 x x
3Bar12-188 12 188 3 X X
1Bar12-158 12 158 1 X X
2Bar12-158 12 158 2 x
3Bar12-158 12 158 3 X
1Bar14-188 14 188 1 X X
2Bar14-188 14 188 2 x x
3Bar14-188 14 188 3 3 X
1Bar14-158 14 158 1 X X
2Bar14-158 14 158 2 x
3Bar14-158 14 158 3 X

@ Bending length of the bars (free inside distance of Square Tube).

Fig. 4. Setup of experimental tests.

with Type A. As expected, the high strength bar — 1FTB10-188 (HS)(NC)
- exhibited stable cycles with more stiffness and strength relative to the
others, but without desired ductility, which makes it inappropriate for a
metallic damper. Specimen 1Bar10-188 with Type A nuts configuration
shows a stable force-displacement relationship during the test along
with bearing more loading cycles compared to the rest. In addition,
another benefit of Type A is its simplicity in placing and replacing the
bars in the BFD. Consequently, Type A was selected for the BFD as the
best nuts configuration for the subsequent experimental studies.

189
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Fig. 5. Testing apparatus.

Table 4
Calculated displacements for different load protocols (in mm).

Steps Cycles Load protocols

LP 20 LP 30.4 LP 36.7
1 1,2 0.96 1.46 1.78
2 3,4 1.35 2.04 2.49
3 5,6 1.89 2.86 3.48
4 7,8 2.64 4.00 4.87
5 9,10 3.70 5.61 6.82
6 11, 12 5.18 7.85 9.55
7 13,14 7.25 10.99 13.37
8 15, 16 10.15 15.38 18.72
9 17,18 14.21 21.53 26.21
10 19, 20 20.00 30.40 36.69
11 21 26.00 39.1 45
12 22 33.80 50.1 58.5

3.4. Experimental results and discussions

3.4.1. Monotonic tests

A series of monotonic tests were conducted on the BFDs to obtain
the key parameters of the mechanical characteristics. Fig. 8(a) shows
the test setup for the monotonic experiments. The force was applied to
the outer part of the specimens in a downward direction at a constant
rate until complete failure. The speed of loading was adjusted in the
range of 5-10 mm/min for all the tests. The failure modes of some bars
are also shown in Fig. 8(b-d).

Fig. 9 shows the force-displacement curves of the BFDs obtained
from the above mentioned monotonic tests. The yield points of speci-
mens are not distinctly observable and all of them are relatively small
amounts less than 3.20 mm. The shapes of the curves in this figure show
that the behaviour of the bars is completely different from the bilinear
behaviour of pure bending, and there is a considerable growth in
strength after yielding. This indicates that the dissipation mechanism in
this device is a flexural-tensile mechanism. As can be seen in the figure,
with a constant bar length, increasing the bar diameter gives rise to four
important parameters of the device: elastic stiffness (Ko), secondary
stiffness (Kp), strength (P,) and ultimate displacement (D). On the
other hand, increasing the bar length with a constant diameter gen-
erally cause the ultimate displacement of the BFD to increase noticeably
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Fig. 6. Nuts configurations (a) Type A (NC), (b) Type B (NBS), (c) Type C (NIM), (d) Both
ends of the threaded bar (NC) (e) FTB (NBS), (f) FTB (NIM), (g) High strength FTB (NC).

along with decreases in the strength, elastic stiffness, and secondary
stiffness of the device.

Table 5 highlights the key values obtained from monotonic tests for
the BFDs. The ratio of ultimate displacement to yielding displacement,
ductility (n), and the ratio of ultimate displacement to the bending
length, deformation capacity (Dcap), were also calculated and tabulated
in Table 5. As can be seen from this table, the yielding displacement
(Dy) is a quite small amount less than 3.20 mm. This amount includes
the clearance gap between the bar and the related hole of the inner part,
which is provided for easy installation of the bars. The average ductility
(1) and deformation capacity (Dc,p) of the BFD are 13.85 and 19%,
respectively. It is believed that these values can be improved by using
milder material for the bars of the device. Regarding the increasing
trend of the strength, although this hardening response is alleviated
under cyclic loads, it should be taken into account in the design of
connecting members to the BFD. In other words, the ultimate strength
of connected elements to the BFD such as braces and connections
should be taken greater than the maximum strength of the proposed
device.
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Fig. 8. Setup of the monotonic tests and the failure modes; (a) 1Bar14-158, (b) 3Bar10-
188, (c) 1Bar12-168, (d) 1Bar14-158.
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Fig. 9. Experimental force-displacement relation of monotonic tests.

Table 5
Important values from the monotonic tests.

Specimens Dy Py Ko P, D, u Degp.
(mm) (N) (N/mm)  (kN) (mm) (Dw/Dy)  (Dy/L)
1Bar10-188  3.00 1350  450.0 16.72 31.67 10.6 0.17
1Bar10-158  1.90 1810 952.6 18.32 29.85 157 0.19
1Bar12-188  3.17 3095 976.3 33.38 3517 111 0.19
1Bar12-158  2.08 4560  2192.3 3478 2825 13.6 0.18
1Bar14-188  2.33 5140  2206.0 50.61 39.83 17.1 0.21
1Bar14-158  2.16 5880  2722.2 47.34 3250 15.0 0.21
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Fig. 7. Force-displacement hysteresis for different nuts configurations of the BFD; (a) Type A, -B, (b) Type C, 1FTB10-188.
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Fig. 10. Experimental cyclic force-displacement hysteresis of specimens with different number, diameter and length of bars; (a) 1/2/3BFD10-158, (b) 1/2/3BFD10-188, (c) 1/2/3BFD12-

158, (d) 1/2/3BFD12-188, (e) 1/2/3BFD14-158, (f) 1/2/3BFD14-188.

3.4.2. Cyclic tests

A total of 18 specimens with different key geometric parameters
such as the bar number, length and diameter were experimentally
tested under quasi-static cyclic loading regimes. The objective of the
experiments was to study the performance of BFDs in several aspects, as
well as an assessment of the structural characteristics, and to evaluate
the effect of various key factors on the behaviour of the proposed de-
vice. Three devices (BFD10, BFD12 and BFD14) were fabricated for
three different bar diameters, 10, 12 and 14 mm. Each device was used
a total of 6 times for the cyclic experiments, each time with three dif-
ferent numbers of the bars (1, 2 and 3 bars) and two different lengths of
bars (158 and 188 mm). All the specimens were loaded by displacement
control at a rate of 10 mm/min until failure, according to the FEMA461
load protocol which was presented before in Table 4. Two cycles were
completed for each amplitude of the loading history. The tests were
performed until complete failure of the specimens and the exact loca-
tion of all the fractures was at the middle of the bars in the tests.

Fig. 10 shows the force-displacement hysteresis of 18 specimens
which were experimentally obtained under the quasi-static cyclic tests.
A positive sign refers to the downward displacement imposed on the

outer part of the specimen. All the bars deformed in a stable and similar
manner. Like the monotonic tests results, the yielding points occurred
at small displacements and there was a smooth transition between
elastic and inelastic behaviour. All the BFDs showed appropriate duc-
tility, energy absorption and stable hysteresis loops with no sudden
strength and stiffness degradation in the system. In all of the hysteresis
curves, the strength and stiffness of BFDs increase when applying a
greater number of bars, as expected. Similar to the results of the
monotonic tests, the strength increases proportionally with the adding
of the bars, for the same bar length and diameter. For constant bar
length, increase of the bar diameter leads to the growth of strength and
stiffness while the increase of the bar length for a constant diameter
causes a reduction of strength and stiffness.

As can be seen in Fig. 10, the considerable pinching is observable in
hysteresis loops of all the specimens. Pinching is a recognised phe-
nomenon in some seismic resisting systems and damping systems, such
as concrete shear walls and shape memory alloy dampers. In unloading
phase of the BFD’s response, the flexural mechanism individually con-
tributed in resisting force, and since its amount is less than resisting
force when the mechanism is flexural-tensile, the decrease in both
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Fig. 11. Force-displacement hysteresis of specimen 1Bar10-158.

strength and stiffness — pinching - occurs in this part of response.
having a small contribution of the BFD in lateral-resisting system, the
pinching cannot be pronounced as a deleterious effect on response of
global system, and it only causes reduction in energy dissipation ca-
pacity of the proposed device. As an advantage, a system with pinching
can sway conveniently back to its origin at the end of vibration without
any resisting force induced by elements of damping system. Accord-
ingly, it decreases both residual force and displacement in members of
structure at the end of excitation.

To have a detailed evaluation of the BFD performance, the force-
displacement hysteresis of one specimen 1Bar10-158 is illustrated in
Fig. 11. Comparing the results obtained from monotonic and cyclic
tests, shows that the maximum strengths in cyclic curves relatively have
the same trend with strengths in monotonic curve in general. However,
there is a considerable degradation in the strength of cyclic response
after a half target displacement (about 10 mm). On average, this
strength degradation is about 18.9% for this specimen. In terms of the
endured cycles (Nc), the specimen sustained 22 complete loading cy-
cles.

Close to the displacement axis, some horizontal small response is
visible in all of the loops, which is due to the gaps devised for easy
mounting of the bars. Similar to the results of monotonic test, the
yielding points occurred at small displacements, and there was a
smooth transition between elastic and inelastic behaviour.
Interestingly, it is seen that the specimen exhibits an abrupt increase in
stiffness and strength in last steps during large deformation, near to
each target displacements. This phenomenon is due to a shift of the
dissipating mechanism from flexure to tension in the BFDs.

From Step 5 onwards, some increasing degradations are noticeable
in the strength and stiffness of the specimen at the second cycles of
steps. On average, this strength degradation is equal to 13% for the six
last steps of this specimen. This phenomenon occurs because of low-
cycle fatigue life of the applied bars in the device and it can be alle-
viated by choosing smaller maximum BFD displacements to restrain the
amount of degradation in order to satisfy requirements in standards.
For this reason, the displacement domain of the BFD is a key parameter
in the design of device and it should be wisely chosen in which the BFD
dissipates highest possible earthquake energy along with acceptable
degradations in both strength and stiffness of the bars.

The key parameters obtained from the force-displacement hysteresis
of all specimens, such as the maximum strengths (Ppax, Pmin) with
corresponding target displacements (Dpax, Dmin) in both directions
(upward and downward), and the number of sustained cycles (N.) along
with the ratio of target displacement to the bar length (D/L), are listed
in Table 6. The Bauschinger effect is noticeable, and on average, the
downward strengths are 12.5% higher than the upward strengths. Due
to the combined dissipating mechanism, the maximum strengths of the
BFDs are on an average 6.30 times higher than the yield strength of the
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device, Py. All of the specimens failed after 20 cycles on average.
Considering the relation of the (D/L) ratio with the force-displacement
behaviour of the specimens, it is concluded that a smaller ratio gives
better hysteretic behaviour of the BFD, with less degradation of the
strength and stiffness in the last cycles. Therefore, being on the safe side
in the primary design of the BFD, assigning less than 13% to the (D/L)
ratio is recommended, to have a robust and stable response and to
guarantee more than 20 sustained cycles with less degradation in
strength and stiffness. This can be a useful estimation for preliminary
design of the device. Moreover, it should be noted that most of the
calculated parameters here are dependent on the displacement history,
and can be slightly changed with a different loading history.

3.4.3. Equivalent stiffness and damping ratios

One of the most important properties of metallic dampers is an
energy dissipation capability that is not dependent on the rate of
loading. To have an indication of this capability in order to evaluate
and compare metallic dampers, the parameter of the equivalent viscous
damping ratio was defined and it has the following relationship [21]:

1 Ep 1 Ep
geq =-_—_- =

T 4mEs 21 Ky D? M

where Ep, is the dissipated energy in each cycle of hysteresis equal to the
enclosed area of a complete cycle. Eg is the strain energy stored in an
elastic spring with an equivalent stiffness Kes and displacement D,
whose equation is %KegDz. K. is the equivalent stiffness, which can be
calculated by the maximum strengths and displacements in both di-
rections as in the formula below;

Bl 1By

Ko =
IDmax | =1 Dy
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It should be noted that this damping ratio is a property of the device
itself and it differs from the damping ratio of a real structure equipped
with the device. A total of 10 last complete cycles of each test result was
selected to calculate the equivalent stiffness and the damping ratio of
the BDFs. The lower cycles were not used in this calculation because
they do not make a considerable contribution to the energy dissipation.
The average of the stiffness and damping ratio for the ten last cycles of
each BFD is calculated and listed in Table 6. The plots of the equivalent
stiffness versus damping ratio for the last five loading steps of six de-
vices with different numbers of bars are shown in Fig. 12. In this figure,
each point shows a possible stiffness and damping ratio of the related
BFD at the corresponding hysteresis cycle. Remarkably, devices with
bars of the same length, but different diameters behave in relatively
similar fashions. It can be observed that the damping ratio of the pro-
posed device relates almost inversely to the effective stiffness. In gen-
eral, the BFD can furnish a damping ratio and effective stiffness in the
range of 35-65% and 0.5-6 kN/mm, respectively. It can be concluded
that the BFD is capable of dissipating the seismic energy as well as the
other available metallic dampers, and is even more advantageous in
being simple and economical.

3.4.4. Energy dissipation

The cumulative energy dissipation versus cumulative displacement
of all 18 BFDs under cyclic tests is plotted in Fig. 13. Each specimen
dissipates energy relatively linearly with the increase of the displace-
ments; there are smaller amounts in the elastic zone and a considerable
volume in the inelastic zone. According to the specimens behaviour, the
rate of energy dissipation rises up when adding bars, increasing the bar
diameter and decreasing the bar length in the BFDs. Overall, the plotted
curves show that BFDs can absorb a considerable amount of input en-
ergy relative to their low weight, with a cumulative displacement over
600 mm. For example, the three bars with a diameter of 14 mm and
total weight of 1kg in specimen 3Bar14-188 dissipated about 10.5kJ
energy under cyclic loading with 700 mm cumulative displacement.
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Table 6
Important results of the cyclic tests and key calculated parameters.
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Cumulative Displacement (mm)

Specimens P (kN) D (mm) Nc D/L Kfff"g Cum. Energy ge“q"g
Max Min Max Min (kN/mm) )
1Bar10-158 15.21 -10.34 26 -26 21 0.16 0.58 1382 0.46
2Bar10-158 29.40 —-20.77 26 -26 21 0.16 1.18 2810.2 0.46
3Bar10-158 40.40 —-30.73 26 -26 21 0.16 1.69 4154.5 0.46
1Bar10-188 14.94 -10.25 30.1 -30.1 19 0.16 0.43 1245.3 0.55
2Bar10-188 29.15 —25.46 30.1 -30.1 20 0.16 0.85 29.79.8 0.51
3Bar10-188 40.64 -31.51 30.1 -30.1 20 0.16 1.26 4477.7 0.49
1Bar12-158 20.34 —-13.21 20 -20 20 0.13 1.34 2789.3 0.57
2Bar12-158 35.63 —26.08 20 -20 20 0.13 2.61 5586.2 0.57
3Bar12-158 49.91 —38.69 20 -20 20 0.13 3.86 7499.5 0.58
1Bar12-188 19.89 —-19.09 30.1 -30.1 19 0.16 0.84 2512.4 0.56
2Bar12-188 33.64 —31.66 26.2 —-26.2 20 0.14 1.46 5767.7 0.55
3Bar12-188 48.93 —47.56 26.2 —26.2 20 0.14 2.16 7858.3 0.55
1Bar14-158 20.51 -18.75 20 -20 20 0.13 2.03 3941.1 0.57
2Bar14-158 41.38 —36.96 20 -20 20 0.13 3.75 8115.35 0.57
3Bar14-158 60.67 —-54.41 20 -20 20 0.13 5.69 9008.2 0.57
1Bar14-188 22.46 —20.05 26.2 —-26.2 20 0.14 1.12 3780.1 0.58
2Bar14-188 44.80 —41.77 26.2 —-26.2 20 0.14 2.14 7368.9 0.58
3Bar14-188 66.62 -61.78 26.2 —26.2 20 0.14 3.20 10843.6 0.6
| i i i i i i i i properties are the yielding strength P, (N), yielding displacements Dy,
050 S U S S O OO N O L) ey (mm), elastic stiffness Ko (N/mm) and ultimate strength P, (N), which
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Fig. 13. Cumulative dissipated energy vs. cumulative displacements of the specimens.

3.4.5. Design chart for the BFD

Using the experimental results, a parametric study was carried out
to assess the effects of variations in the number, length and diameter of
the bars on the behaviour of the BFD. Based on the obtained results of
the study, the four below equations (Egs. (3)—(6)) are recommended for
calculation of the key structural properties of a BFD with one bar. These
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Fig. 14. Design curves for the BFD based on strength, length and diameter of a single bar.
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(L = 500cm) can be equipped with one BFD through one diagonal
brace (L = 580 cm) with buckling capacity of 200 kN. Assuming 1% for
allowable story drift ratio, the lateral displacement would be limited to
30 mm for the frame. The component of this allowable story drift ratio
can be determined in the brace direction by geometric relationships,
and is equal to 35 mm. The maximum displacement of the BFD must be
taken equal to or smaller than this amount; say 35 mm equivalent to
story drift ratio of 1%. Based on the conclusion and recommendation in
Section 3.4.2, the bar length can be easily calculated by the obtained
relation (L = 35 X 1/13% = 269.2 mm). The equipped brace performs
properly when the BFD have a strength equal to or less than the
buckling strength of the brace, so the maximum strength of the BFD is
taken equal to 200 kN. If the BFD has 10 bars, the strength of each bar
should thus be 20kN (200/10 = 20 kN). Now, having the length and
ultimate strength, 270 mm and 20 kN respectively, the diameter of the
bars for the BFD can be selected as 16 mm from the proposed design
chart in Fig. 14. Therefore, it is expected that the retrofitted frame with
the BFD (10Bar16-270) not only has a better seismic performance under
earthquake loads, but also protects the main elements of the frame from
failure by sacrificing 10 bars as fuses in the BFD.

3.4.6. Bilinear model for the BFD

A simplified bilinear spring model can be defined for the BFD in
order to use it as a metallic yielding damper in any structural analysis
software. For this purpose, the maximum force-displacement experi-
mental results of six different devices with one bar are selected and then
four lines are approximated for the behaviour of each device, re-
presenting the bilinear model. Generally, the response of the BFD can
be categorized in three distinguished zones; including elastic, first
plastic, and second plastic. Since, the elastic part has a small portion in
the response curve, and for simplicity as well, the two initial zones were
presented in one line at the proposed model. Therefore, the straight-line
interpolations were completed in two phases based on obtained en-
velops from the test results; including both first and second zones to-
gether, and the third zone individually. For devices with any number of
bars, the model can be easily calibrated by increasing the maximum
loads linearly concerning the number of bars, while the corresponding
displacements remain constant. Fig. 15 shows the proper selected
points from experimental results used for the fitting, and the proposed
bilinear models for the six BFDs (1Bar10/12/14-158/188) with one bar.
The corresponding story drift ratios were also provided in the figures
for the six devices, when they were applied in a frame with columns
length of 300 cm and an equipped diagonal brace with angle of 25°
from the horizontal.

4. Finite element model

The capability of being numerically modelled for a new proposed
damper can be considered as a significant feature of the device. For this
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purpose, a nonlinear finite element (FE) analysis was performed with
the general program of FE analysis, ANSYS (Workbench) [22], to si-
mulate and evaluate the BFD behaviour. All the geometry parts of the
outer part, inner parts and the bars were developed in the software,
except the channels in the inner part, which do not have a considerable
influence on the hysteretic behaviour of the device. Having two per-
pendicular symmetry planes in the BFD, its quarter was modelled to
reduce the mesh numbers and the cost of computation, as shown in
Fig. 16(a). The model was meshed with 3D-stress 8-node nonlinear solid
elements. All connections of the bars with the inner and outer parts
were defined as frictionless because of the small contact area and easy
run. However, a bonded contact was assigned to the connections be-
tween bars and nuts. Both geometric and material properties were
considered as nonlinear in all analyses. The material properties and true
strain-stress were exactly defined based on the results obtained from the
coupon tests as presented in Table 2. Appropriate supports and
boundary conditions were allocated to the BFD and the cyclic load was
applied to the model through the middle plate of the inner part in the
form of displacement, as the same load protocol used in the experi-
mental tests.

The deformation contour of specimen 3Bar14-188 under a load
displacement of 26.2 mm was calculated and shown in Fig. 16(b). As
can be seen, the bars deformed under applied displacement through the
middle plate of the inner part while the outer part had zero deforma-
tion. The equivalent Von-Mises stress and normal elastic strain in the x-
direction are also shown in Fig. 16(c) and (d) respectively, for the same
specimen under the same conditions. These two contours show clearly
that the plastic stress and strain take place in three particular areas of
each bar, and are not concentrated in one small area. This property can
be considered as an advantage for the BFD in terms of material effi-
ciency on the energy dissipation.

Fig. 17(a) and (b) illustrate the obtained force-displacement hys-
teresis from FE analyses and experimental results for the two specimens
3Bar12-188 and 3Bar14-188, respectively. As can be seen from the
figures, there is a good agreement between the experimental and nu-
merical results in terms of the hysteretic behaviour. However, there are
some minor differences in the strength and stiffness of the two related
curves at the large displacement. Both kinematic and isotropic hard-
ening rules were tried in the FE analysis and the latter gave a better
correspondence to the experimental results. The results attained in the
FE analysis show that the BFD has the advantage of being easily mod-
elled in a numerical analysis to simulate the device for further study or
use in various applications.

5. Limitations on application of the BFD

The main function of the BFD is to reduce the inelastic energy dis-
sipation demand on frame elements of a structure, and it can be ac-
counted as a damping system in structures. In the codes, e.g. ASCE 7-10
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Fig. 15. Proposed bilinear models for six BFDs; (a) 1BFD10/12/14-188, (b) 1BFD10/12/14-158.
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Fig. 16. Finite elements model and analysis results: (a) Mesh of BFD’s quarter, (b) deformation contour, (c) Equivalent stress contour (d) Normal Elastic Strain in x-direction.

[23], the damping systems are not permitted to be used alone as a
lateral resisting system. A seismic force-resisting system is required in
conjunction with the damping system to establish the lateral resisting
system of a structure. This force resisting system relative to the
damping system sustains a considerable amount of seismic base shear of
a structure. Hence, a brace equipped with the BFD cannot be in-
dependently considered as a lateral-resisting system of a structure, and
it is essential to be utilized with a seismic force-resisting system. The
BFD can be adopted with various seismic force-resisting systems in
structures, such as moment-resisting frames and braced frames.

It is necessary that damping devices subject to failure by low-cycle
fatigue resist wind forces without inelastic cycling [23]. For this reason,
a damping system with the BFD is not suitable for high-rise structures
which the wind effects are dominant. In buildings that the seismic base
shear is significantly greater than the wind induced base shear, it is
expected both the BFD and seismic force-resisting system together are
able to sustain the wind loads elastically. In this case, therefore, the
proposed damper can satisfy the requirement of provision in the stan-
dard. Regarding gravity loads, it should be noted that bearing this kind
of loads by the proposed device can be detrimental for its performance.
Thus, placing the BFD in a suitable location of a system in which it is
subjected to the lowest gravity loads, can benefit the performance of the
damper to a great extent.
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The requirements of story-drift ratio in standards can be easily met
in design of the BFD. The code limits are transformable on the brace
orientation to correlate with the maximum BFD displacement. For this
purpose, the story-drift ratio should be divided by the cosine of angle
between the BFD (or the brace) orientation and the horizontal.
Assuming a range from 25° to 45° for a diagonal-brace angle in re-
sidential buildings, 39 mm for the maximum displacement of BFD with
bar length of 300 mm (300 mm X 0.13 = 39 mm), the studied BFD can
accommodate the drift ratio up to 1% determined by the geometric
relationships. This margin can be enhanced by increasing both the bar
length of BFD and the maximum BFD displacement in where it is fea-
sible.

According to the ASCE 7-10, low-cycle large-displacement de-
gradation should be considered in the design of damping devices due to
seismic loads [23]. As an alternative for the seismic load, FEMA461
offers a specific load-protocol in the form of quasi-static cyclic testing,
which was used in this study [20]. It is worth noting that, this load-
protocol was derived based on 20 different ground motions through
investigations. As stated earlier, all the BFDs sustained at least 20
loading cycles in the response of cyclic tests. The average of force de-
gradations at target displacements of the last six steps was about 10.6%
in that 20 endured cycles for all 18 specimens. Even though this amount
of degradation can satisfy the requirements of device adequacy in the
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Fig. 17. Comparison of experimental and numerical hysteresis: (a) 3Bar12-188, (b) 3Bar14-188.
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standard, it is difficult to claim that whether or not the obtained 20
cycles are enough to avoid the low-cycle fatigue fracture of fuses during
an earthquake. Hence, it seems necessary to verify the performance of
fuses by further investigations as shake table testing of a frame
equipped with the BFD subject to different ground motions. To improve
the fatigue life of the fuses in the proposed device, it is expected that
using some other materials, e.g. low-yield steel, cast steel, and shape
memory alloy can promote the performance of the BFD.

Among several possible locations for installation of the BFD in a
frame, the simple way is to add the device by two rigid connectors to
two opposite corners of a frame, similar to the configuration of diagonal
braces. Since these parts only transmit the axial load to the device, the
subjected loads to the device would be axial forces. For this reason, only
axial loads to the BFD were considered in this experimental study. In
those cases that the BFD is installed in different locations or subjected to
loads other than the described ones, the presented results might not be
valid, and more investigations would be needed for that specific con-
dition.

6. BFD and other metallic dampers

To evaluate the weak and strong points of the BFD, a comparative
study was conducted among the available well-known metallic dampers
using important parameters which are presented in Table 7. The results
of some other comparison work were also used in this assessment study
[16,24]. All the data collected here is based on the experimental results
presented in the relevant papers. In some cases, the parameters were
estimated or calculated. Ten metallic yielding dampers were selected
for comparison with the BFD: Pipe Damper (PD) [14], Dual-Pipe
Damper (DPD) [15], Infilled-Pipe Damper (IPD) [16], Triangular-plate
Added Damping and Stiffness (TADAS) [10], Slit-Damper (SD) [11],
Shear Panel Damper (SPD) [13], Honeycomb Damper (HD) [25], Cast
Steel Yielding Brace (CSYB) [12], Double Function Metallic Damper X-
Shaped (DFDMX) [26], and Box-Shaped Slit Damper (BSSD) [27].

Comparison of the key parameters of the BFD with the other

Table 7
Key parameters of several metallic yielding dampers and the BFD.
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dampers shows that the recommended device is able to compete well
with other available metallic-yielding dampers. In some parameters, the
BFD has advantages over the other dampers. Having the lowest mass of
the bar element causes the BFD to have the highest maximum force to
mass ratio among the dampers, which proves the material efficiency of
this device. This ratio shows the strength of the energy absorber ele-
ment for the unit mass of the used material. Also, the BFD got high
marks for being economical, the replaceability and installation of the
damper, as seen in Table 7. Overall, it is seen that the BFD can be one of
the top devices in the ranking list of metallic dampers.

7. Summery and conclusions

In this paper a new passive earthquake damper, the Bar-Fuse
Damper (BFD), was presented and evaluated both experimentally and
numerically. The performance of the BFD was assessed with more than
30 monotonic and cyclic experiments, and the applied bars successfully
performed their function as energy absorbers and fuses in all the spe-
cimens. The proposed device showed appropriate ductility, energy ab-
sorption and stable hysteretic behaviour under cyclic loads without any
sudden strength and stiffness degradation. The performance of the BFD
depends highly on the nut arrangements of the bars. The simplest de-
sign, two nuts on the both ends of the threaded bar, gave a reliable
behaviour to the proposed device, as well as the possibility of con-
venient placing and replacing the bars when they were failed. This
proper replacement capability can be considered as a key feature of the
proposed device over to other available metallic dampers.

All the applied steel bars as fuses in the proposed device sustained
more than 20 loading cycles with cumulative displacement of over
600 mm in the quasi-static cyclic tests along with an average on
strength degradation about 10.6% at target displacements of the last six
steps. This achieved by taking the maximum BFD displacement equal to
13% of the bar length. In general, the BFD was able to furnish an
equivalent viscous damping ratio in the range of 35-65%. Due to the
combined flexural-tensile mechanism of the device, the ultimate

Parameters Yielding metallic dampers

PD* DPD" IPD® TADAS’  SD° SPD’ HD? CSYB" DFMDX' BSSD/ BFD"
Yield displacement (mm) 2.5-4 1.6-2.1 0.80-3.20 1.1-5.8 0.3-0.49 0.7-5.2 NA 4.5 1.5 0.51 1.9-3.17
Initial stiffness (kN/mm) 0.5-4.5 7.5 17-39.2 14-72 6.7-14.6 1.3-44.9 NA 8.9 1.80-3.80 31.8 0.45-5.80
Equivalent damping ratio 0.4 0.45 0.36 0.46 0.30-0.50 0.10-0.30 0.45 0.41 0.46 0.34 0.30-0.60
Total dissipated energy (kJ) NA 49.2 242 NA 6.9-10.3 5.8-6.51 NA NA NA NA 1.2-3.9
Cumulative displacement (mm) NA 1130 2100 NA 500 325-400 NA 1888 353.3 NA 458-845
Ductility 20 20 27.8 22 29-40 8.5 6 8.7 17.1 60 17.1
Mass (kg) 0.7-1.0 2.1-6.6 49.7 95.8 2.2 1.6 10.4 NA 1.3 17 0.17-0.34
Height (mm) 114-140 110-140 220 304 162 100-120 135 NA 180 80 158-188
Deformation capacity Ratio 0.44 0.36 0.32 0.29 0.12 0.14-0.20 0.29 NA 0.07 0.37 0.21
Max. force-to-mass ratio (kN/kg) 11.4 19.9 5.4 12.8 16.2 22.6 17.9 NA 22 10.59 59-89.5
Cost of Damper fabrication Low Low High High Medium Medium Medium  High Medium Medium  Medium
Installation of damper Easy Easy Easy Difficult  Easy Easy Easy Difficult  Easy Easy Easy
Replaceability’ Medium Medium Difficult Difficult ~ Medium Medium Medium  Difficult  Medium Medium  Easy

2 Pipe damper.

b Dual-pipe damper.

¢ Infilled-pipe damper.

4 Triangular-plate added damping and stiffness.
¢ Slit damper.

f Shear-panel damper.

& Honeycomb damper.

I Cast steel yielding brace.

T Double-function metallic damper X-shape.

J box-shaped slit damper.

k Bar-Fuse Damper.

! Replaceability of energy absorber element or damper itself.
* Not Available.

** Dissipated energy for a single bar.
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strength of the BFD was greater than the corresponding yield strength
by a factor of more than 6, which enhances the capacity of energy
dissipation. On average, the unit weight of the employed steel bars
sustained 75 kN force and dissipated 10.5kJ input energy.

The comparative study showed that the BFD can be ranked in one of
the top places on the list of metallic-yielding dampers by three domi-
nant factors: economical, low-weight and replaceability of the bars as
energy absorber components. While the proposed device shows pro-
mising results in this feasibility study, it is believed that some further
experimental researches as shake table tastings on a frame equipped
with the BFD are essential before practical application of the device.

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.2017.12.049.
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