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Abstract. Seismic excitations may impart a significant amount of energy into structures. Modern structural design attitudes
tend to absorb some part of this energy through special dissipaters instead of heavy plastic deformations on the structural
members. Different types of dissipater have been generated and utilized in various types of structures in last few decades. The
expected earthquake damage is mainly concentrated on these devices and they may be replaced after earthquakes. In this study, a
low-cost device called energy dissipative steel cushion (EDSC) made of flat mild steel was developed and tested in the
Structural and Earthquake Engineering Laboratory (STEELab) of Istanbul Technical University (ITU). The monotonic and
cyclic tests of EDSC were performed in transversal and longitudinal directions discretely. Very large deformation capability and
stable hysteretic behavior are some response properties observed from the tests. Load vs. displacement relations, hysteretic
energy dissipation properties as well as the closed form equations to predict the behavior parameters are presented in this paper.
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1. Introduction

The overall earthquake behavior of a building is mainly
governed by the performance of structural members and
connections. In the traditional design philosophy, seismic
input energy is substantially dissipated through the inelastic
deformations of the structural members. In this philosophy,
remarkable residual damage inevitably forms on the
members. Recently, energy dissipation using dissipative
devices has become increasingly important in the
engineering applications. The damage is concentrated
mainly on the dissipative devices, which can be replaced
easily after disturbing earthquakes. Hence, they reduce the
inelastic demands of the primary structural elements.

Although there are different types of dissipative devices
in the application, the most commonly used one is metallic
dissipaters. They absorb seismic energy through the plastic
deformation of metals. There is considerable interest in
determining the characteristics of metallic dissipaters both
in an experimental and analytical manner in the literature.
The metallic dissipaters are able to be classified as per
flexural types (hourglass shape ADAS (Bergman and Goel
1987), triangular shape TADAS (Tsai et al. 1993)), shear
types (YSPD (Chan et al. 2009)) and axial types (the
buckling restrained brace, Black et al. (2004)).
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Preliminary tests were performed on flat U-strip type
steel dissipaters, whose relative motion is directed parallel
to adjacent surfaces, which might be an important energy-
absorption source through rolling and bending, Kelly et al.
(1972). Rai and Wallace (1998) performed a study of
aluminum shear links with low-yield strength to increase
seismic performance of the frames. The link provided
significant energy dissipation. Another experimental study
on the determination of behavior of the shear connectors
was conducted by Shultz and Magana (1996). They
investigated the performance of U-shaped flexure plate
(UFP) connectors, which were used as horizontal and
vertical joint connectors in precast PRESSS test buildings.
UFP was proposed as an energy-dissipating flexible
connector in which the bending action induced by rolling of
the U-plate on a straight steel plate resists vertical shear
force. In a jointed wall system, the energy-dissipater type
steel members were studied in PRESSS program, Priestley
et al. (1999). The test building included an un-bonded post-
tensioned precast wall system consisting of two walls and
several UFP connectors along the vertical joint to resist
lateral forces in one direction. It performed very well and
no structural damage was observed during the seismic
testing. Gang and Hongnan (2013) presented two dampers
named the round-hole metallic damper (RHMD) and double
X-shaped metallic damper (DXMD). It was shown that the
metallic dampers not only provide stiffness but also have
the ability to dissipate energy. Chan and Albermani (2008)
performed cyclic tests on the steel slit damper (SSD), that
was fabricated from standard structural wide-flange section
with a number of slits cut on its web. They aimed to
investigate the effects of the device’s geometrical
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parameters. Experiments showed that the device yielded at
a small angular distortion and dissipated considerable
amount of energy. Henry et al. (2009) proposed a new type
O-connector to be utilized on the wall system. The
connector was able to dissipate significant amount of
energy. However, some out-of-plane deformations were
observed during the experiments. It was restricted by
installing some additional steel elements. Maleki and
Bagheri (2010) studied the behavior of steel pipes, bare and
filled with concrete, under cyclic shear to examine the
possibility of using them as a seismic damper. The test
results showed that the bare steel pipes are capable of
absorbing a large amount of energy under a severe cyclic
shear load with stable hysteretic behavior. This behavior
was also simulated using the finite element method. Gray et
al. (2010) tested metallic seismic devices used in
concentrically braced frames, which were designed to
achieve a stable symmetric inelastic response through
flexural yielding of the metallic slices. Karalis et al. (2011)
performed both experimental and numerical work to
determine the efficiency of a steel link element having an I-
shaped cross-section connected to the RC frame through
bracing elements. The energy was dissipated through the
steel-link element. It was concluded that the use of steel-
link elements can considerably increase the strength,
stiffness and energy dissipation capacity of the frame.
Sahoo et al. (2015) tested metallic devices consisting of
series steel plates. End plates with an X-configuration were
allowed to yield under flexural action, whereas rectangular
web plate was allowed to dissipate energy through shear
yielding. Finite element analysis was carried out to predict
the ultimate resistance and hysteretic response. Koetaka et
al. (2005) proposed a new system for the beam-to-column
moment connections. The hysteretic dampers were bolted at
flanges of the column to the wide-flange beam. The cyclic
behavior of the proposed connection was determined
through six experiments performed on the full-scale
specimens. They resulted that all inelastic deformations
were localized in the dampers while the beam and column
remained essentially in elastic range.

In this paper, a low-cost steel dissipater so-called energy
dissipative steel cushion (EDSC) is presented. It was
originally conceived to be utilized underneath and between
reinforced concrete (RC) claddings of precast construction
within the framework of the Safecladding Project (2015).
The proposed application details are given in Fig. 1. It is
obvious EDSC made of mild steel with low-profile
workmanship can be utilized in the other fields of civil
engineering. Some other types of connection devices were
also studied in the Safecladding Project, Dal Lago et al.
(2017a, b, c), Negro and Tornaghi (2017), Toniolo and Dal
Lago (2017), Zoubek et al. (20164, b).

A flat steel strip is simply bent to achieve the preferred
geometry and the ends are properly welded. Those are the
essential steps of the production of EDSC. Preliminary
investigations on EDSC were accomplished by some
researchers in the Safecladding team. O zkaynak et al.
(2014) performed experimental study to discuss the effects
of material quality and the location of welding section on
the behavior of EDSC. The experiments resulted that the

specimens made of stainless steel had less strength and
energy dissipation capacity compared with mild steel. The
position of welding section had important effect on the
global behavior of EDSC made of stainless steel. The better
performance was obtained from the specimen in which the
welding positioned at mid-height of the device. 0 zkaynak
et al. (2015) performed experimental studies on the limited
number of specimens to identify cyclic behavior of SCs
under varying axial stresses. The longitudinal shear
behavior for two axial compressive loads was studied. The
tests revealed that transversal stress level and its direction
are effective variables on strength of EDSC. Gulll et al.
(2015) and Smyrou et al. (2014) performed some studies to
generate the numerical models of EDSC through different
finite elements. GUlli et al. (2016) investigated cyclic
behavior of EDSCs under monotonic and cyclic transversal
loading. The monotonic test results were simulated by finite
element analyses. Yiiksel et al. (2017) studied the behavior
of EDSCs subjected to the simultaneous actions of
longitudinal and transversal loading. The experiments
resulted that energy dissipation capacity increase with the
increment of compressive force acting in the transversal
direction. 0 zkaynak (2017a, b) studied the effects of EDSC
on the earthquake behavior of RC structures. It was shown
that EDSC is efficient to increase the seismic performance
of RC structures.

The objective of this paper is to determine the
characteristics of EDSC and to evaluate its effectiveness in
energy dissipation. The methodology is based on the
intensive experimental works and an attempt to generate the
closed form equations for the design purposes. Thickness of
steel plate and loading type are the main parameters. The
rationale of this work is to generate a metallic low-cost
energy dissipative device that could be employed in RC,
steel and wood structures.
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Fig. 1 The application of EDSC in the precast construction
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2. Specimen, loading and measuring systems

The uni-axial quasi-static tests for two main directions
were carried out to determine the monotonic and cyclic
behavior of EDSC. It has a specific shape with the
capability of rolling and bending actions under shear
(longitudinal) loading. Additionally, the plasticized section
replaces during the movement.

EDSC is easily manufactured by rolling a strip of flat
steel plate. Ends of the plate are connected by proper
welding. The cross sectional geometry consists of three
parts i.e. two semi-circles at both ends and a rectangle at the
middle. The welding section matches to mid-height where
the holes are engendered tor the connection of the device.

According to results of the numerical studies performed
in Safecladding Project (2015), longitudinal (shear)
displacement demand of the connecters (EDSC) between
cladding-to-cladding and cladding-to-structure  were
calculated as 200 mm for the design earthquake. This
evidence was utilized in the determination of EDSC
geometry, Fig. 1. The cross-sectional dimensions are d =
100 mm and h = 250 mm, and depth is b = 100 mm, Fig. 2.
Three alternative plate thicknesses were utilized in this
study, namely 3, 5 and 8 mm. The general dimensions (a, b,
d) of all specimens are identical.

The tensile test results obtained from the coupon tests
are illustrated in Fig. 3. Average tensile strengths
determined for 3, 5 and 8 mm thick plates were 410 MPa,
390 MPa and 450 MPa, as well as ultimate strains were
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Fig. 2 Geometry of EDSC made of 8 mm thick plate
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28%, 40% and 40%, respectively.

EDSC has some advantages compared with U-shaped
flexural dampers which are also effective in the energy
dissipation. Longitudinal displacement capacity of U-
shaped dampers is quite low. EDSC is a statically
indeterminate member due to its closed geometry. So, the
contribution of EDSC to the global strength is greater than
U-shaped dampers.

The multi-purpose testing device was designed and
produced for the tests, Figs. 4 and 5. The device consists of
two fixed and one sliding stiff steel member.

EDSC was positioned between the fixed and the sliding
stiff plates for shear testing. Out-of-plane displacements of
the sliding plates were restricted by the welded steel plates,
Fig. 5. Two vertically and two horizontally oriented
displacement transducers were utilized to measure the
possible displacements of EDSC. Strain measurements were
performed at different sections by means of post-yield strain
gauges as illustrated in Fig. 6.

(a) Axial (transversal) loading (Position A)

(b) Shear (longitudinal) loading (Position B)
Fig. 4 General views of the homemade testing set-up
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(a) 8 mm thick steel cushion

(b) 5 mm thick steel cushion

(c) 3 mm thick steel cushion

Fig. 3 Stress-strain relations obtained from the coupon tensile tests
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EDSC was positioned horizontally on the leftmost
cantilever for axial loading tests. The actuator’s swivel head
was kept in a lateral position by the help of cylindrical
guiders, Fig. 4(a). Horizontally oriented steel plates
transferred compressive force to EDSC while tension force
was transferred directly by the connection bolts. This results
a non-symmetrical axial behavior. Two vertical
displacement transducers were used to measure axial
displacement of the specimen. Moreover, two strain gauges
were located on external vertexes of the specimens, Fig.
6(b). Strain gauge measurements were used to detect stress
concentrations and yielding on EDSC.

The applied testing program is depicted in Fig. 7.
Monotonic and cyclic tests were performed for each type of
loading and for all thicknesses. Indeed, thickness of steel
plate used for EDSC and type of loading are main variables
of the study.

The testing protocol based on the expected ultimate
drifts was selected in accordance with the recommendations
of FEMA461 (2007). Regarding the expected deformability
of the specimen, the target displacements were derived by
multiplying the “aj/a;p” ratios specified in FEMA461 with
the related dimensions of EDSC. Ten distinct displacement
targets were defined and two consecutive identical cycles
were applied for each displacement target. The applied
displacement protocols are presented in Fig. 8.

3. Experimental results
3.1 Axial tests

Force vs. displacement cycles obtained from cyclic and
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(a) Cyclic shear tests (b) Cyclic axial test

Fig. 6 Straingauge location of the specimens
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monotonic axial tests as well as the corresponding deformed
shapes are presented in Figs. 9, 10 and 11, for distinct plate
thicknesses. The monotonic tests yield an envelope that
covers the cyclic test results.

The ultimate compressive and tensile strengths achieved
are 11 kN and 5 kN respectively. In the evaluation of force
vs. displacement relationship given in Fig. 9(a), one can see
a minor difference in the results of monotonic and cyclic
tests especially at the larger displacements.

For t = 5 mm, it can be seen that there is a slight
divergence in the results of monotonic and cyclic tests, Fig.
10(a). In cyclic loading, ultimate compression strength
achieved is 30 KN whereas tensile strength is 10 kN.

For 8 mm-thick plate, ultimate compression strength
obtained in the cyclic test is 100 kN while tension strength
is 30 kN, as observed in Fig. 11(a).

The load carrying mechanisms are quite different in
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Fig. 8 Drift-based cyclic uni-axial displacement protocols
applied to EDSC
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Fig. 7 Summary of the test program
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Fig. 9 Cyclic and monotonic axial test results for EDSC with t = 3 mm thickness
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Fig. 10 Cyclic and monotonic axial test results for EDSC with t =5 mm thickness
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Fig. 11 Cyclic and monotonic axial test results for EDSC with t = 8 mm thickness
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Fig. 12 Cyclic and monotonic shear test results for EDSC with t =3 mm thickness
tension and compression cases. The bolts and their adjacent The displacement capacity in compression is restricted

area are active in tension force. However compressive force by the clear distance between head of the nuts. However,
is transferred by surfaces of EDSC. So, the specimens had the displacement capacity in tension is directly related to
dissimilar tension and compression strengths. the length of straight part (2xa) of EDSC, see Fig. 3.
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Fig. 14 Cyclic and monotonic shear test results for EDSC with t = 8 mm thickness

3.2 Shear tests

Force vs. displacement cycles obtained from cyclic and
monotonic shear tests and the corresponding deformed
shapes for EDSCs made of 3, 5 and 8 mm-thick plates are
presented in Figs. 12, 13 and 14, respectively. Generally,
monotonic test results cover those of the cyclic tests.
Symmetrical behavior is observed for all specimens
subjected to cyclic shear effects.

EDSC with 3 mm thickness had a nominal strength of
3.5 kN with a maximum displacement capacity of 220 mm.
The vyielding was determined at 15 mm according to the
strain gauge measurements.

EDSC with thickness of 5 mm had a nominal strength of
10 kN with a maximum displacement capacity of 220 mm.
The yielding was determined at 12 mm according to the
strain gauge measurements.

EDSC with thickness of 8 mm had a nominal strength of
35 kN and a maximum displacement capacity of 220 mm.

Table 1 Summary of test results under compression stress

The yielding was determined at 10 mm displacement
according to the strain gauge measurements. The sharp
increments recorded for stiffness observed at 200 mm
displacement level were simply due to the contact of bolts
on the steel cushion.

Shear strength of the specimen with 8 mm plate
thickness is 7.68 times bigger than shear strength of the
specimen with 3 mm plate thickness. One can calculate this
strength increment by multiplying ratio of squares of the
plate thicknesses (82/32 = 7.11) with ratio of material yield
strength (325 MPa/300 MPa = 1.08), see Eq. (8).

4. Evaluation of experimental results

The test results are evaluated below in terms of various
structural parameters for the applied loading type. The
parameters taken into consideration are yielding force and
displacement, stiffness, strength, ductility, equivalent

Thickness Initial stiffness  Yield forcer Max force  Yield disp. Ultimate disp. Ductility
Ko KN/mm (kN) (kN) Dy (mm) Du (mm) u
% o t=3mm 0.57 6.04 10.78 10.52 57.53 5.47
'g' § t=5mm 1.59 16.71 23.90 10.52 57.01 5.42
§ - t=8mm 5.81 60.44 110.9 10.40 57.21 5.49
= t=3mm 0.64 6.11 10.21 9.52 62.98 6.62
Lg; § t=5mm 1.96 18.65 27.34 9.53 63.99 6.72
- t=8mm 8.78 51.02 98.37 5.81 58.05 9.99
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Table 2 Summary of test results under tensile stress

Thickness Initial stiffness  Yield force  Max force  Yield disp. Ultimate disp. Ductility
Ko KN/mm (kN) (kN) Dy (mm) Du (mm) u
§ > = 3mm 0.20 2.70 4.46 13.79 80.42 5.83
S g t=5mm 0.57 5.95 9.75 10.49 80.41 7.67
§ - t=8mm 2.16 229 41.18 10.60 80.02 7.55
- t=3mm 0.29 2.77 3.88 9.50 61.96 6.52
g g t=5mm 0.79 7.47 10.58 9.49 61.98 6.53
- t=8mm 2.60 21.18 32.00 8.14 56.99 7.00
damping and energy dissipation capacities. 120 Cyclic Compression
100

4.1 Axial tests

The results obtained from the axial loading tests
involving elastic and inelastic properties are summarized in
Tables 1 and 2. The first parts of the tables contain
monotonic test results while the rest is related to cyclic
loading. Although both types of loading give similar results
for 3 and 5 mm- thick plates, the results are different for 8
mm in the case of compression, Table 1. On the other hand,
both types of loading give similar results for all plate
thicknesses in the case of tension loading, Table 2.

4.1.1 Yielding displacement, yielding and

ultimate strengths

The increment of plate thickness of EDSC results in
lower yielding displacement and larger yielding force, Fig.
15.

Variation of ultimate strengths in terms of the plate
thickness of EDSC is illustrated in Fig. 16, for diverse types
of loadings. It shows the quadratic relationship between
yielding and ultimate strength with the plate thickness of
EDSC.

4.1.2 Stiffness and ductility

The cyclic axial behavior of EDSC is determined in
terms of normalized stiffness vs. displacement. The
normalized stiffness of a cycle is obtained by dividing its
secant stiffness with the initial one. The relations between

1
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Fig. 16 Ultimate strengths for tension and compression

the normalized stiffness vs. displacement show a decaying
form, which is common for all diverse thicknesses, Fig.
17(a). The variation of normalized stiffness is independent
of thickness of the plate. The variation of ductility is
quantified by dividing the ultimate displacement by the
yielding displacement, with respect to plate thickness of
EDSC in Fig. 17(b). It shows that the ductility ratio
increases with the increment of plate thickness for cyclic
and monotonic tension cases.

The ratio of secant stiffness in tension and compression
sides of cyclic axial loading for each plate thickness is
presented in Fig. 18. The secant stiffness ratio increases
with the increment of axial displacement. Hence, non-
symmetric behavior arises through the increment of axial
displacement.
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Fig. 15 Yielding force variations in terms of thickness
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Table 3 Summary of experimental results derived from cyclic and monotonic shear tests

P
§ Loading Test# Initial stiffness  Yield force Max force Yield disp. Ultimate disp. Ductility
2 Ko (kN/mm) (kN) (kN) Dy (mm) Du (mm) V!
=
Cyclic 1 0.13 2.94 4.25 22.03 178.12 8.09
IS Cyclic 2 0.17 1.82 4.12 10.59 157.09 14.83
aE, Cyclic 3 0.21 3.03 3.81 14.97 157.08 10.50
L cydic 4 0.18 2.70 3.48 14.95 156.90 10.50
Mon. 1 0.27 3.97 5.12 14.96 179.13 11.98
Cyclic 1 0.66 6.93 11.73 10.55 157.45 14.93
£ Cyclic 2 0.82 9.82 14.25 12.01 178.05 14.83
E Cyclic 3 0.70 7.36 11.38 10.55 157.88 14.96
L Cyclic 4 0.68 7.23 11.80 10.56 157.18 14.88
Mon. 1 0.91 10.0 1451 10.94 180.13 18.01
Cyclic 1 2.01 24.17 45.62 12,0 178.71 14.90
IS Cyclic 2 2.71 28.63 40.24 10.56 157.15 14.89
o% Cyclic 3 2.84 29.95 38.45 10.56 157.08 14.88
L Cyclic 4 2.71 28.52 38.24 10.53 156.82 14.89
Mon. 1 2.39 25.3 52.92 10.58 180.61 17.07
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The maximum ( of the tested specimens varies
between 13-18%, Fig. 19(a). It gradually increases by the
increment of axial displacement. A’ 5 mm thick specimen
yields more equivalent damping than 3 and 8 mm thick
specimens. The possible reason for the disordering is that
the yielding strength of the 5 mm thick plate is lower than
the others, Fig. 2. The axial displacement vs. cumulative
hysteretic energy diagrams that are deliberated as the
enclosed area of the force vs. displacement curves are
presented in Fig. 19(b). The energy graphs clearly show that
the energy dissipation capacity is proportional to the plate
thickness of EDSC.

4.2 Shear tests

The experimental results derived from cyclic and
monotonic shear tests for the three distinct plate thicknesses
of EDSC are summarized in Table 3. They show relatively
high scattering for the yielding properties in the cyclic tests

of 3 mm-thick EDSC plates.

4.2.1 Stiffness and ductility

The initial stiffness, Ko, of the specimens is illustrated in
Fig. 20. It clearly shows that a quadratic relation exists
between stiffness and plate thickness of EDSC.

The cyclic shear behavior of EDSC is determined in
terms of normalized stiffness vs. displacement. The
normalized stiffness vs. displacement relation deteriorates
smoothly for all achieved tests, Fig. 21(a). The variation of
ductility with respect to the plate thickness of EDSC is
presented in Fig. 21(b). It shows that the ductility ratio
increases with the increments in plate thickness of EDSC.
However, the results corresponding to 5 mm-thick plates are
not consistent with the tendency because of the
aforementioned material yielding properties.

4.2.2 Yielding displacement, yielding and
ultimate strengths

Yielding displacement and yielding force variation in
respect to the plate thickness are presented in Fig. 22(a) and
22(b), respectively. The yield displacement varies
conversely with the increment of plate thickness of EDSC.
In the case of 3 mm thickness, some scattering between the
test results is observed. Although similar results were
obtained for 5 and 8 mm-thick specimens, it is predicted
that the aforementioned yielding property is the potential
reason of the pertinent disorder. The increments in plate
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Fig. 22 Yielding displacement variations in terms of
thickness
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Fig. 23 Maximum force variations in terms of thickness

thickness of EDSC results in larger yielding and maximum
forces. Even if there are some deviations in the results of
the repetitive specimens, the quadratic relation between
plate thicknesses can be assessed and the observed yielding
and maximum forces are as expected, Fig. 23.

4.2.3 Energy dissipation and equivalent damping

The maximum equivalent damping ratios of the tested
specimens range from 55% to 60% Fig. 24(a). They
progressively increase with the increment of displacement.
In a similar manner, 5 mm-thick specimen produces a
higher damping ratio than the others. The shear
displacement vs. cumulative hysteretic energy diagrams
obtained for the selected specimens are presented in Fig.
24(b). It should be noted that the energy dissipation
capacity is quadratically related to the plate thickness of
EDSC.
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5. Closed form equations

Closed form equations to attain elastic and post-yield
behavior of EDSC in the case of shear loading are extracted
through the classical flexibility method, Gullu et al. (2016).
These equations are beneficial to design of EDSC for a
specific purpose.

The five critical parameters to define the geometry of
EDSC are as follows; radius of half circles (r), half of the
straight part (a), width of cushion (b), thickness (t) and
angle between the top point of half circle and any point on
circle (p) Fig. 25.

EDSC has three redundancies in the flexibility method.
The selected redundancies are presented in Fig. 26(a). Due
to the symmetrical geometry of EDSC, moment diagrams
generated for the selected redundant forces and the external
load given in Fig. 26(b) will be symmetric or anti-
symmetric. Consequently, the symmetrical redundant forces
(X, and X3) will be zero for the shear loading. The required
moment diagrams for the solution are depicted in Figs.
26(b) and (c). The displacement of EDSC is determined
through virtual work theory. Moment diagram for the unit
force is given in Fig. 26(d).

The compatibility equation and its terms are defined in
Eq. (2). The redundant force of X; is determined from Eq.
(3). The moment function and position of moment
extremum are given by Egs. (4) and (5), respectively.
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Fig. 24 Cumulative energy dissipation capacity for cyclic shear tests
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Fig. 25 Geometrical properties of EDSC
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Fig. 26 The application of flexibility method to EDSC
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The lateral displacement of EDSC is calculated by Eqg.
(6) where M and M represent moment diagrams due to
the external loading and the unit force, respectively.

Table 4 Comparison of the results for shear

671
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Four plastic hinges are occurred simultaneously, Fig. 25.
Hence yielding force capacity of EDSC is determined by
Eq. (8). If Pyis substituted with P in Eq. (6), one can reach
yielding displacement of .

D =2rcos¢ O

o _ fy‘ftz _ f,qbt?
‘D

®)

2rcos ¢

The ultimate displacement capacity of EDSC (d,) is
determined as (2xa), see Fig. 25.

The elastic perfectly plastic backbone curve is proposed
here to represent cyclic shear behavior of EDSC, Fig. 27.
Critical points of the backbone curve are described as “A”
that represents yielding and “B” that represents ultimate
point.

The plasticized cross sections are relocated during the
rolling action of EDSC.

Comparison of the results derived from the closed form
equations with the experimental ones are given in Table 4. It
should be noted that maximum relative difference is about
6%.

A similar procedure is applied to derive the closed form

P, (kN) oy (mm)
t(mm) ¢ (rad) - -
CFE Exp. R. Dif. (%) CFE Exp. R. Dif. (%)
8 0.4683 26.51 29.13 4,71 9.50 10.56 5.28
5 0.4759 8.14 8.48 2.05 11.72 11.94 0.93
3 0.4807 3.13 3.03 1.62 21.99 19.50 6.00

*CFE: The closed form equations, Exp.: Experimental study, R. Dif.: Relative difference
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Table 5 Closed form equations for axial loading
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ro.rg

N > 0 Compressive Force
N < 0 Tensile Force

N(2r’-a*> .
Moment M(¢)=— r-a —rsing M e = M (@1 )
2\ zr+2a
Location of moment _T
extremum Prrax = 2
Vertical displacement _ Nr ( 7a®+8a’r +2zar® + (7r2 — 8)!’3
(Compression) Y= 2(2a+7zl‘)
Vertical displacement 5 = Nr ma® +8a’r +2zar? + (7[2 —8)!‘3
(Tension) YR 2(2a+7zf)
Ny bt?
(Compression) Nu,comp = fyd T
Ny bt> D
(Tension) Nyten = fyd —F X %

Table 6 Comparison of the results for compressive loading

t N, (kN) dy (mm)
(Mm) CFE  Exp. R.Dif.(%) CFE Exp. R.Dif. (%)
8 5440 5144  2.80 518  5.60 3.90
5 16.87 15.91 2.93 759 971 1225
3 675 7.30 3.92 1452 1413 137

*CFE: The closed form equations, Exp.: Experimental study,
R. Dif.: Relative difference

Table 7 Comparison of the results for tensile loading

t Ny (KN) oy (mm)
(mm) CFE Exp. R.Dif.(%) CFE Exp. R.Dif. (%)
8 2074 2265  4.40 1036 1021  0.73
5 644  6.09 2.79 1519 11.09 1560
3 257 312 9.67 26.68 201  14.07

*CFE: The closed form equations, Exp.: Experimental study,
R. Dif.: Relative difference

equations for the axial load effect in the elastic range,
(Gilli et al. 2016). Due to the loading symmetry, the
redundant force of X, will be zero, Fig. 26(a). The functions
of moment, location of moment extremum, vertical
displacements and axial load capacities are listed in Table 5.
Ultimate compressive displacement is limited with the clear
distance between the bolt heads.

The comparisons are accomplished here for the axial
loading. The results are discussed in Tables 6 and 7. The
maximum relative difference is about 16%.

6. Conclusions

A low-cost EDSC made of mild steel was developed for
use in various engineering applications. A comprehensive
test campaign was accomplished to extract the behavior of
EDSC under the uni-axial loadings. Great deformation
capability and stable hysteretic loops are the most important
features of EDSCs. The following conclusions could be
made:

e EDSCs demonstrate stable and large force-

displacement hysteretic behavior, which might be a
substantial source of energy dissipation for the
applied uni-axial loadings.

It is observed that the most-effective parameter on
the behavior of EDSC is plate thickness. The
stiffness, strength, ductility and energy dissipation
capacity are all thickness-dependent properties.
There are quadratic relations between EDSC plate
thickness and those response parameters. Though
stiffness degradation vs. displacement relationship
is independent from the plate thickness.

EDSC has a great displacement capacity. The
ultimate displacement capacity will be as large as
the length of the straight part of EDSC.
Non-symmetric force-displacement relationships
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are obtained in the axial loading.

e  The equivalent damping ratio determined in the
shear loading is about 55%. Though it is in the
range of 13-18% in the axial loading.

e The closed form equations are recommended to
estimate uni-axial elastoplastic shear behavior of
EDSC. When the equation based results are
compared with those of the tests, the obtained
maximum relative difference is about 6%.

e The closed form equations suggested for elastic
axial behavior of EDSC result maximum relative
difference of 16%.
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