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Abstract. Structural fuses are manufactured from oriented steel plates for use in seismic protective systems to withstand
significant lateral shear loads. These systems are designed and detailed for concentrating the damage and excessive inelastic
deformations in the desired location along the length of the fuse to prevent the crack propagation and structural issues for the
surrounding elements. Among a number of structural systems with engineered - cut-outs, a recently developed butterfly-shaped
structural fuses are proposed to better align the bending strength along the length of the fuse with the demand moment,
enhancing controlled yielding features over the brittle behavior. Previously, the design methodologies were developed purely
based on the flexural stresses’ or shear stresses’ behavior leading to underestimate or overestimate the structural capacity of the
fuses. The aim of this study is to optimize the design methodologies for commonly used butterfly-shaped dampers through
experimental investigations considering the stresses are not uniformly distributed stresses along the length of the fuse system.
The effect of shear and flexural stresses on the behavior of butterfly-shaped are initially formulated based on the Von-Mises
criterion, and the optimized geometry is specified. Subsequently, experimental tests are developed for evaluating the optimized
design concepts for butterfly-shaped dampers considering the uniform stress distribution and efficient use of steel. It is shown
that butterfly-shaped dampers are capable of full cyclic hysteric behavior without any major signs of strength or stiffness

795

Jong Wan Hu "?2, Young Wook Cha '-3¢, Alireza Farzampour ¢, Nadia M. Mirzai %@ and Iman Mansouri*¢”

degradations.
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1. Introduction

The structures around the world are designed and
constructed to prevent and postpone significant damages
and collapse under hazard conditions. One of the practical
solutions for designing resilient systems is to implement the
structural fuses to concentrate damages within the desired
location over a structural system (Farahi Shahri and
Mousavi 2018, Farzampour ef al. 2019b, ¢, Liu ef al. 2015,
Martinez-Rueda 2002, Mirzai et al. 2018, 2020a, b, 2021,
Mirzai and Hu 2019, Nuzzo et al. 2018), and protect the
surrounding parts from severe damages and then be
replaceable after any events (Ahmadie Amiri et al. 2018,
Eldin ez al. 2018, Kim and Shin 2017, Shad et al. 2018,
Zhan et al. 2017). The structural fuses have shown
appropriate energy dissipation capability, ductility, high
initial stiffness, and strategic plastic hinge formation to

*Corresponding author, Associate Professor,
E-mail: mansouri@birjandut.ac.ir

4 Ph.D.

® Ph.D. Candidate

¢Ph.D.

4Ph.D.

Copyright © 2021 Techno-Press, Ltd.
http://www.techno-press.org/?journal=sss&subpage=7

avoid crack propagations. Typically, the steel structural
fuses consist of plates with engineered cut-outs yielded as
subjected to shear loading conditions. Among various
shapes and sizes studied in previous studies, the butterfly-
haped shear fuses shown in Figs. 1 and 2 are used due to
having a number of advantages over the rest of the
structural fuse systems, and be used as an appropriate
substitute for conventional EBF systems. The application of
butterfly shaped dampers, geometry and the typical imposed
loading are shown on Figl.a, Fig.lb and Figl.c,
respectively. The reduction of seismic secondary effects,
fewer disturbances caused by earthquakes, high energy
dissipation, and efficient use of steel in the space-
constrained area are previously reported for structural fuses
(Luth et al. 2008, Farzampour and Eatherton 2018b,
Esteghamati and Farzampour 2020, Zaker Esteghamati and
Farzampour 2020). The yielding mechanism occurred along
the length of the fuses, and prevention of the brittle limit
states should be considered for enhancing the fuse
resistance against the lateral loading and desired
performance (Ke and Yam 2016, Sun et al. 2017). Recently,
several applications of these systems are under process for
use in high-rises buildings (as it shown in Fig. 2, in the
USC School of Cinema). It is noted that there are several
other systems used to reduce the seismic vulnerability of the
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(a) Butterfly fuse plate (Luth et al. 2008)
Fig. 1 The butterfly shape

Fig. 2 The implementation of the butterfly-shaped fuses in
USC School of Cinema (Luth et al. 2008)

structures. Buckling resistant braces are typically used to
prevent the degradation of the stiffness and strength and
obtain more stable hysteretic response, despite the high cost
of construction and maintenance (Avci-Karatas 2019, Avci-
Karatas and Celik 2014, Avci-Karatas et al. 2018, 2019,
Mansouri et al. 2016). In addition, these systems similar to
fuses could have advances such as replacement following
an earthquake, easy fabrication with relatively low cost,
simple details, which is useful for various retrofitting
purposes.

To align the moment capacity with the shape of the
moment demand diagram, various sectional geometries are
previously investigated (e.g., straight dampers, butterfly-
shaped) leading to efficient use of steel material along the
length of the damper. Traditionally, a number of dampers
were used in structural applications in in- and out-of-plane
formats as added damping and stiffness or stiffness devices
to be bent over the weak axis (Tsai ef al. 1993, Whittaker et
al. 1991). However, these links are able to work and bend
over the major axis (in-plane bending) to develop uniform
stress and larger in-plane stiffness. The planar use of the
butterfly-shaped damper is previously investigated for
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fuse (Farzampour et al. 2019a)

various structural applications. The buckling limit states,
load-carrying behavior, and energy dissipation capabilities
of these dampers are addressed (Farzampour and Eatherton
2018a, b).

The substantial energy dissipating, ductility and large
uniform yielding distribution are observed with the in-plane
use of butterfly-shaped fuses, which made these dampers an
appropriate option for use in in high-rise buildings leading
to control drift response limitation and reducing the
demands on the framing members (Hitaka and Matsui
2006, Kim et al. 2018, Luth et al. 2008). The previous
design methodologies for majority of dampers are based on
the flexural limit states underestimating or overestimating
the dampers capacity against lateral forces. Numerous
studies have shown that the stresses are not uniformly
distributed along the length of the dampers (Lee et al. 2015,
20164, b); hence, the design methodology and the effective
implementation of the steel are in need of improvements.

In this study, both shear and flexure limit states are
investigated under simultaneous shear and flexural stresses.
The Von-Mises criterion is used to develop the upper limit
for the total stresses imposed on the link. The flexural and
shear stresses are developed based on the geometrical
properties and mechanics of the shear fuses, which varies
along the length of the link. The resulting stress function
which includes flexural and shear stresses is optimized for
having the plastic hinges far from the geometrical
sharpness, and having the uniform stresses along the length
of the damper.

The aim of this study is to propose an optimized design
methodology to improve the behavior of the dampers for
further uses in various supplications (Paslar ez al. 2020a, b,
Mansouri et al. 2020), especially the commonly used
butterfly-shaped dampers while having the economical
implementation of the steel. By implementation of the
proposed methodology, the fundamental knowledge about
the yielding behavior of the damping system is developed.
In addition, the plastic mechanisms governing the strength
and spread of the plasticity along the length of the dampers
are investigated leading to seismic performance improve-
ment of the shear fuses and reduce the damages due to
earthquakes.
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2. Methodology

The general analytical investigations of shear and
flexure is explained and developed (Farzampour et al.
2019a, b, and c): both shear and flexure limit states are
considered to be applied simultaneously. For this purpose,
the Von-Mises criterion is initially implemented for setting
the upper limit for the total stresses imposed on the link
considering the flexural and shear behavior. The moment
along the length M(z) is formulated from the middle point
as it is shown in Fig. 1, and the end moment M, is indicated

1
033 = 2 [(o11

in Eq. (1). The varying width is denoted by w(z), and
sectional inertia is defined with /(z) of the link, which are
shown in Eq. (2), and Eq. (3), respectively.

is shown in Fig. 3, and elaborated in Eq. (5).
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In addition, Von-Mises yielding criterion stress, which is
shown in Eq. (6)

— 022)% + (025 — 033)* + (033 — 011)* + 6(0% + 051 + 05)] (6)

It is noted that the inelasticity is considered to be
concentrated far from the ends and sharp edges to produce
better resistance against the crack propagation and brittle
modes of behavior. For this purpose, the term z should be
equalized to L/4 recommending the farthest point away
from the sharp edges to concentrate the plasticity; therefore,
by substituting the L/4 for z, Eq. (7) is obtained as follows
(Farzampour ef al. 2019a).

M(z) = 21\;"’2 and M, = PL/2 (1)
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In which the geometrical parameters, a, b, L, t are
defined in Fig. 1. Therefore, the flexural stress at a section
is as shown in Eq. (4).
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Where the shear force is shown with P and it is applied
to the end length of the butterfly-shaped link. Along the
same lines shear stresses within the section (%) is defined
based on the common mechanics of material equations, as it
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Fig. 3 The butterfly-shaped fuse
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The right-hand side of the Eq. (8) indicates stress state
function indicated by F(y), which combines the effect of
shear with flexure stresses at a specific section located at
L/4 from the midpoint of a BF link.

Fy) =15 . [:a] ([b+a y)
([b+a )
12 [b+a]

To have an efficient and economical fuse system, it is
required to have the ductile yielding limit states occurred
for all the points along the length of the link. The schematic
stress state is shown in Fig. 4 to show a continuous function
over the length of the link. For having constant state of
stress over the length of the link, the difference between the
minimum and the maximum critical stress points, as it is
determined in Fig. 4, should be minimized indicating that
the stress function reaches to a constant value along the
length of the link.

To find the minimum and maximum values of the stress
state function indicated in Eq. (8), the derivation of the
stress function should be equalized to zero, which
eventually would lead to three real roots as shown in Eq.
(9). The three roots are as follows

2
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Fig. 4 Mathematical concepts for uniform stress (Farzampour et al. 2019a)
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Therefore, based on the developed concept mentioned
within Fig. 4, the difference between the minimum and
maximum values of the stress state function should
approach zero to have the same stress state distribution for
all the points along the length of the link, which is
mathematically described as shown in Eq. (10).

f(IN) — F() ~ 0
FUID = FUD ~ 0 (10)
(11D — f(I) =~ 0

By simplifying the set of equations proposed in Eq.
(10), Eq. (11) is derived.

6P2(3a? + 6ab + 3b* — I2)?
5P o (11)
2t2(a + b)®

Eq. (11) is further simplified in Eq. (12). Therefore, the
appropriate geometrical condition for having the inelasticity
concentrated at the quarter points is derived according to
Eq. (12).

3(a+ b)? = I? (12)

The proposed geometry derived from the simultaneous
effects of shear and flexural stresses for having the
inelasticity located in quarter points in design is considered
for further experimental evaluation in the following
sections.

3. The experimental investigation
3.1 Test specimens

Three specimens were manufactured and tested in this
study. The typical specimens, and the exact dimensions of
the specimens are shown in Fig. 5 and tabulated in Table 1.

The chemical and mechanical properties of the used
steel were per the Korean Industrial Standards (KS). The
performance of metal dampers in vibration control is
improved when the used metals have low yield stress (YS),

Fig. 5 Experimental butterfly-shaped fuse specimens

Table 1 Initial design values for uniform design concept

a (m) b (m) L (m) t (m)

0.14 0.43 1.00 0.14

0.18 0.53 1.00 0.16

0.13 0.38 1.00 0.20
by T

Fig. 6 The geometrical details of specimens
(Ahmadie Amiri et al. 2018)

low yield ratio (YR), and high ductility. SS400 Grade was
selected as the damper construction material due to its low
cost and availability in Korea.

Three specimens sized according to Table 1 and Fig. 6
were tested. The specimens were designed to be connected
with high-tensile bolts, without welding. Fig. 7 shows the
configuration of the test setup.

The impact of hysteretic loadings was determined
through an application of cyclic loading with incremental
amplitudes. Fig. 8 shows the loading program. The design
of the step amplitude (a;) and the number of cycles was
done to ensure that the range of the cumulative plastic
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Fig. 7 The configuration of test setup
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Fig. 8 The cyclic loading protocol with the loading rate
ranged from 0.1 to 0.5 mm/s

deformation experienced by the specimens was sufficient
(Farzampour et al. 2019). The equation, a1 = 1.4 a;, was
used to determine the displacements in successive steps
from step 1 to step 12. Increment of displacements after the
12th step was kept constant at 5.4 mm. The loading rate (v)
ranged from 0.1 to 0.5 mm/s.

4. Experimental results and discussions
4.1 Hysteretic behavior and the deformed shapes
Fig. 9 shows the experimental and analytical force-
displacement hysteresis curves for the specimens. From

these figures, it can be concluded that all samples produced
stable hysteresis curves with no sudden degradation of

Fig. 10 The final deformed shape of the specimens and
their failure spots

strength and stiffness. Specimens, whose ho/b; ratios were
high, formed butterfly-shaped hysteresis loops. Those with
low ho/by ratios formed almost parallelogram-shaped
hysteresis loops with high energy dissipation capacities.
Decreasing the ho/b; ratios through specimens S1 to S3
widened the hysteresis loops but reduced the displacements
capacities. Fig. 10 displays the final deformed shape of the
specimens and their failure spots.

4.2 Structural parameters of the specimens

An idealized multi-linear force-displacement curve
derived from monotonic backbone curves was used to
determine the specimens’ structural parameters. The
backbone curves were obtained from each specimen's force-
displacement hysteresis curve. The monotonic curves were
idealized such that the initial and idealized areas under the
monotonic curves were equal. Benavent-Climent developed
a procedure in the year 2010 to derive backbone curves
(Farzampour and Eatherton 2018b). The same procedure
was used to obtain the backbone curves for these
specimens. An example of the initial and idealized
backbone curve for the specimen S1 is shown in Fig. 11.

The idealized multi-linear force-displacement curves
and structural parameters for each specimen is obtained
based on pushover curve from the cyclic backbone
behavior. The backbone curves are obtained based on the
specimen’s  force-displacement  hysteresis  curves.
Subsequently, the monotonic curves are idealized in such a
way that the area under the monotonic and cyclic curves are
the same which is based on the utilization of the previous
procedures (Farzampour and Eatherton 2018b). For
example, the initial and idealized backbone curve for the
specimen S1 is depicted in Fig. 10.

From sheet 14 mm From sheet 16 mm From sheet 20 mm

200
0

Lead (kN)
z
Load. (kN)

gl |
o~
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404
400

Displacement (mm) Displacement (mm) Displacement (mm)

Fig. 9 Experimental results: load—displacement hysteresis loops
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Fig. 11 Backbone curve of specimens

Table 2 Experimental results

N Py Jy K. P Om e Ep

(kN) (mm) (kKN/mm) (kN) (mm) (kJ)
S1 185 65 2.8 210 97 149  60.4
S2 221 48 4.6 297 55 1.14 893
S3 297 27 11 330 38 140 675

The idealized backbone curves for the specimens were
used to derive structural parameters such as the yield force
(Py), yield displacement (J,), initial elastic stiffness (K.),
second yield force (Pz). As well, the maximum force (Pmax),
maximum displacement (Jdmax), Energy dissipation for the
largest hysteresis (Ep) and the ductility capacity (i) were
derived from the force-displacement curves. These
parameters are presented in Table 2.

Decreasing the A/b; ratio tends to reduce the number of
curves in the idealized backbone graph for the specimens
from three, as shown in Fig. 11 to two as the second and
ultimate stiffness tends to merge. As well, P,, K¢, Pg, Pmax,
and ED increase while dmax, tc decrease. Specimens S1 and
S3 failed before the anticipated displacements. However,
ignoring these two specimens, it can be concluded that the
specimens’ displacement capacities vary from 22.15 mm to
125.5 mm.

5. Conclusions

To concentrate the damages and at a desired location
within the structures, structural fuses are implemented. The
implementation of the fuses has several advantages to
reduce the seismic vulnerability of the structures. The
systems are typically used to prevent the degradation of the
stiffness and strength and obtain more stable hysteretic
response. The use of structural fuses leads to further
surrounding elements protection from high force demand
and inelasticity. This study investigates the design
methodology  for general structural fuses under
simultaneous effects of shear and flexural stresses. For this
purpose, Butterfly-shaped fuses are optimized based on the
yielding criterion and designing geometrical aspects are
defined. Subsequently, several experimental specimens are
developed to effectively compare and study the seismic
behavior of the fuses. It is shown that butterfly-shaped
dampers are capable of full cyclic hysteric behavior without
any major signs of strength or stiffness degradation. In

general, the dampers, designed in such a way that the brittle
limit states are avoided, the energy mechanism, in those soft
dampers are derived based on the shear deformations. The
general deformations could be occurred due to shear and
flexure mechanisms, which are also considered as the two
typical, desirable modes of behavior. In addition, it is
determined that the procedures elaborated in this study
could be implemented for improving any general structural
fuse shape considering simultaneous shear and flexural
stresses.
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