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Abstract

In this paper, a new yielding dissipater device is introduced for seismic protection of con-
centrically braced structures. The device is fabricated by a set of transverse plates inserted
in the middle of a diagonal brace. The special configuration of the new device transforms
the axial force of a concentric brace to pure bending in the dissipater plates. The dissipater
plates are designed to bend inelastically over their whole surface to dissipate energy. Weld-
ing is avoided in the dissipater plates and consequently the ductile behavior of steel results
in a good hysteric behavior of the new device. Experimental results of sixteen specimens
of the proposed dissipater device show a stable hysteretic behavior of the brace and similar
behavior in tension and compression. An analytical model is developed and verified to pre-
dict the behavior of the proposed dissipater.

Keywords Pure bending yielding dissipater - Steel plate - Energy dissipation - Cyclic
behavior - Diagonal braced frame - Analytical model
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P Axial force

Piesign Axial design capacity

P, Axial yield strength

P, Axial ultimate capacity

Py o Experimental yield strength
Py ex Experimental tensile strength

,”U

Experimental compressive strength
x.80 Experimental capacity corresponding to 80 mm displacement

ia~]

R Radius of curvature in middle part

R, Material overstrength factor

t Thickness of dissipater plates

o Transverse curvature constraint coefficient

§ Movement restriction coefficient

Y Coefficient for calibration of €,

dy Yield displacement

By ex Experimental yield displacement

S max.ex Maximum experimental displacement

S, Ultimate displacement

A Displacement of the device

A Side part displacement caused by support rotation

A, Side part displacement caused by deflection

Aia Axial displacement

Ap Slippage of the dissipater plates on the middle support
€ Maximum strain in the middle part

gy Yield strain

€, Strain corresponding to beginning of movement restriction
€, Strain corresponding to ultimate stress

Osupport Plate rotation at the middle support

Osupporiso  Plate rotation at the middle support at 80 mm displacement
A Coefficient for calibration of f§

0 Poisson’s ratio

@ Angle of strain plane of the section

1 Introduction

Structural control systems are mainly used to reduce damages of structures in earth-
quakes. These systems have been developed significantly over the last few decades. They
can be broadly classified into three categories: (1) passive control systems that are struc-
tures equipped with devices which do not need an external source of energy, (2) active
control systems that are structures equipped with processing sensors and force transfer
devices which need an external source of energy to work, and (3) semi-active control sys-
tems which need little external energy to change structural characteristics (Cheng et al.
2008). The use of dissipaters, especially yielding dissipaters, is one of the most popular
structural control methods. The yielding dissipaters have been widely considered for their
advantages including low cost, simple manufacturing technology, simple and fast substitu-
tion after earthquakes and temperature independency at normal temperatures. The yielding
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dissipaters dissipate significant amounts of energy in each cycle of inelastic deformation
and prevent damage in other members of structure (Soong and Dargush 1997).

A large number of existing dissipater devices are subjected to a combination of axial,
shear, torsional, and flexural actions that causes yielding of the ductile part of the dissi-
pater. But usually only one of these internal actions is considered as the main factor to
be the cause of yielding. In the buckling restrained braces, the axial force causes yield-
ing of the restrained core (Black et al. 2004; Piedrafita et al. 2013, 2015; Tabatabaei et al.
2014; Ozcelik et al. 2017). To solve the problem of high yielding forces and relatively
small longitudinal strain toleration in these dissipaters, some methods have been suggested
by various researchers (Piedrafita et al. 2013; Tabatabaei et al. 2014). Other types of axi-
ally yielding members have also been developed (Speicher et al. 2011; Calado et al. 2013).
In the dissipater device with a dominant shear mechanism, the shear force yields a sig-
nificant portion of the material simultaneously, which is considered as a desirable way to
cause yielding in metals (Nakashima et al. 1994). The mentioned dissipaters suffer from
shear buckling before yielding as a major problem. Several suggestions have been made
to suppress this problem, including use of horizontal and vertical stiffened shear plates
(Nakashima et al. 1994), shear plates with slit (Hitaka and Matsui 2003), perforated shear
plates (Chan et al. 2013; Formisano et al. 2016), and buckling restrained shear panels
(Deng et al. 2015). Creating a torsional moment in a member can be a cause for yielding.
Among the researches, use of rectangular plates or pipe sections under torsional moment
(Skinner et al. 1975; Franco et al. 2010), and use of pipe section in braced frames as a
yielding dissipater (Vetr and Ghamari 2012), can be mentioned as well. The main problem
with these types of dissipaters is the simultaneous presence of shear force and torsion at
the section, which prevents complete use of energy dissipation capacity of the material. On
the other hand, use of a bending moment to provide for yielding is one of the most popular
mechanisms in dissipater devices. Many suggestions have been made to make use of plates
with bending moment as a dissipater, including use of x-shaped plates in the ADAS dis-
sipater (Kelly et al. 1972; Whittaker et al. 1989), triangular plates in the TADAS dissipater
(Tsai et al. 1993), rhombic low yield strength plate (Shih and Sung 2005), and diagonal
braced frame equipped with TADAS dissipater (Gray et al. 2012). Although some sugges-
tions, such as the E-shaped dissipater (Ciampi and Marioni 1991; Tsopelas and Constanti-
nou 1997), have been made by researchers to create a constant moment distribution in the
ductile part of the dissipater, a combination of shear and flexural actions has emerged in
most cases. Due to presence of shear force concurrently with bending moment in such dis-
sipaters, width of the dissipater plate has been varied to create a constant curvature in the
dissipater similar to the constant moment condition. There are many other types of yielding
dissipaters with flexural mechanism including slit steel plates (Lee et al. 2002, 2015; Lee
and Kim 2017; Amiri et al. 2018), J-shaped and U-shaped plates (Kato and Kim 2006; Oh
et al. 2013; Tagawa and Gao 2012; Bagheri et al. 2015), pipes (Maleki and Bagheri 2010;
Maleki and Mahjoubi 2013; Mahjoubi and Maleki 2016), steel rings (Andalib et al. 2014),
and bending bars combined with viscoelastic materials (Banisheikholeslami et al. 2016).

In a large number of existing dissipaters, combination of different forces in a ductile
member prevents optimal use of the dissipation capacity of the dissipater material and
reduces ductility of the dissipater. In this paper, a new type of the yielding dissipater with a
pure bending mechanism is introduced and examined both experimentally and theoretically.

The benefits of this device include high and stable energy absorption capacity, uniform
force resistance in tension and compression, inexpensive maintenance, and rapid exchange-
ability after severe earthquakes. In this study, sixteen specimens of this type of dissipater
have been tested cyclically and their structural properties have been discussed.

@ Springer



Bulletin of Earthquake Engineering

This paper is organized as follows. In Sect. 2, the device is introduced and the governing
equations of axial yielding and ultimate axial capacity are described. An analytical model
is developed in Sect. 3. In Sect. 4, the experimental program and the specifications of the
proposed dissipater device are explained. The analytical model is calibrated based on the
test results in Sect. 5 and its performance in predicting the hysteresis behavior is com-
pared with the experimental results of the tested specimens. Finally, the conclusions are
presented in Sect. 6.

2 The proposed energy dissipating device

A pure bending yielding dissipater (PBYD) device is developed in this study intended
for use in concentric braced frames. Some possible PBYD installation configurations in
concentric bracing systems are shown in Fig. 1. The same capacity of this device in ten-
sion and compression makes a single diagonal brace in each frame sufficient. Using this
device in Chevron and V bracing frames significantly reduces the shear force demand on
the braced bay beam due to unbalanced forces of compression and tension braces. The
axial force of the bracing member caused by lateral loading is transferred to the PBYD
device. The PBYD mechanism is designed such that the axial force is converted to a pure
bending moment acting on the dissipater plates. The PBYD detail that transforms the axial
force to pure bending in dissipater plates is shown in Fig. 2. To maintain the geometrical
symmetry of the device, a four-point loading system is used to create pure bending in the
middle region of the dissipater plates. Transmission of the axial force to the middle sup-
ports and from there through the dissipater plates to the lateral constraint blocks is shown
in Fig. 3. In this figure, diagram of the shear force and the bending moment in the dissi-
pater plates under axial loading are illustrated. Absence of shear force in the middle area of
the dissipater plates results in pure bending in this part and causes a large amount of plate
material to be yieldable simultaneously under axial loading. In order to prevent transverse
movement, shear keys are used on the edges of the dissipater plates at the middle of the
plate length, which is located in the grooves embedded in the upper and lower holder plates
(visible in Fig. 2). Existence of these shear keys prevents instability during loading, which
in turn maintains the symmetry condition in the dissipater behavior and free deformation
of the dissipater plates under tensile and compressive loads.

2
7 \ D 4 % ®\
#PBYD JPBYD  PBYDS

device device device

(a) Diagonal bracing (b) Chevron bracing

Fig. 1 Possible PBYD installation in concentric bracing
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Fig.2 PBYD details for transforming axial force to pure bending in dissipater plates
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Fig.3 Shear and moment diagrams in the dissipater plates under axial loading (n=number of plates)

By sufficiently increasing the axial force in the dissipater device, the bending stress at
the middle part of the dissipater plate increases and causes the extreme fibers to reach the
yield stress. The axial yielding strength (P,) of the dissipater device can be predicted by the
following equation,

net’F Ve

= 1
P, ” (D

where F,, is the plate material expected yielding stress, 7 is the number of dissipater plates
in the device, ¢ and 7 are the width and thickness of the dissipater plate, respectively, and a
is the length of the side parts of the dissipater plate (Fig. 3). The material expected yielding
stress (F' ye) is the product of the material minimum specified yield stress (F’ y) and material
overstrength factor R, (F,=R/F)).

The initial axial stiffness of the dissipater device can be determined using fundamentals
of the strength of materials as below,

k= nEl

T (2ar) @

@ Springer



Bulletin of Earthquake Engineering

where E is the Young’s modulus, b is the length of middle part (Fig. 3), and / is moment of
inertia (I=ct*/12) of the dissipater plate.

After initial yielding, inelastic behavior occurs in the proposed device. Strain and stress
distribution in the middle part of the dissipater plate is shown in Fig. 4. The elastic and
inelastic stress distributions are shown in this figure. For design purposes, the elastic—per-
fectly-plastic behavior (Fig. 4c) can be assumed for steel to determine the ultimate axial
capacity, P,, of the device. Effects of nonlinearities such as strain hardening in steel and
large deformations should be considered in predicting the axial load capacity of the dis-
sipater device. In this case, the overstrength factor C,, is utilized for considering the nonlin-
earity effects, as

nctsze 3)
Pu=6 4a
c F,+F,
ey “

y

where F, is the ultimate stress of steel. Accuracy of Eq. (4) to determine the overstrength
factor C,, is investigated after testing.

3 The analytical model

Behavior of the proposed device is influenced by the behavior of its plates. The analytical
model of the proposed dissipater should consider the effect of various factors including
large deformations, nonlinear behavior of material, and the nonlinear behavior caused by
slip limitation of the dissipater plate at the middle supports in large deformations. Accord-
ing to the shear and moment diagrams of the dissipater plates in Fig. 3, the middle part of
the plates is deformed as a circular arc with a radius R even at large deformation due to the
presence of pure bending. Figure 5 demonstrates the deformed shape of a dissipater plate
for considering the geometrical nonlinearity. The side parts of the plate deform as cantile-
ver beams with the rotation 8,,,,,,,, at their supports as shown in Fig. 5a. Figure 5b demon-
strates a unit length element of the middle part of the plate. Due to the constant curvature
at the radius R in the middle part, the maximum strain ¢, created in the extreme fibers of
the section is the same throughout the area. Figure 5b shows the relationship between the
maximum strain of the middle part, &), with the arc angle 6,,,,,, and the plate thickness
t. According to Fig. 5a, deformation of the side parts of the plate consists of two portions
including displacements due to rotation at the middle support, 4, and bending deforma-
tion, A,, under the applied force P/n, as below,

& c [ Oy
q 7 ?L
t 3 ty, e (t+y)
LY Iy <
€y
T s ¢ oy
&S %€y Elastic stress g>¢gy  Real plastic stress Ideal plastic stress distribution

Fig.4 Stress and strain distribution in the middle part of the dissipater plate
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g = (p)(?t- =29T“'1’.Pﬂ‘x%

Ko

Middle supports
Dissipater plate

(a) Deformation of the dissipater plate (b) Element deformation

Fig.5 Deformation of the dissipater plates under pure bending

£
A= Bsupport Xa= Tba &)
Pd’
= 6
> 3nEl ©

The two sections of the dissipater in Fig. 2 are similar to parallel springs. The overall defor-
mation of the device, 4, is twice the displacement of each side. It can be derived in terms of g,
as follows,

2¢e 3
000+ 2Pa
3nEl

A=2A+A4,y) = N

The maximum strain of the middle part, ), can be obtained in terms of the axial force P
and the displacement A of the dissipater device, as follows:

et (a_ 2Pa? g
0= 2ba 3nEl ®)

As shown in Fig. 3, the bending moment M in the middle part of the damper depends on
the applied force P on the dissipater as:

Pa
M= ©)
To consider the effect of material nonlinearity, a bi-linear stress—strain relation is intro-
duced as shown in Fig. 6. The stress distribution at the cross section of the plate, including
strain hardening of the material, is shown in Fig. 4b. Relation between the bending moment,
M, and the maximum strain in the middle part, &, for the elastic and inelastic regions can be
determined using Fig. 4, as below,

—Lrp(a
M= 6Fy<5> 5055y

y

o a0\ L e , : (10)
M:l—;Fy<3—(E—°> >+%E‘(50—5},)(1—Z—‘0>(1+2‘%) €, < g <¢g,

y 0
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Fig.6 The idealized bi-linear Stress
stress—strain path A

\ .
> Strain

where e, is the yield strain, ¢, is the strain corresponding to the ultimate stress, and E*
is the modulus of the second branch (strain hardening) of the bi-linear stress—strain path.
Failure will occur in this system when value of the maximum strain, &, in the middle part
of the plate reaches to the failure strain ¢,

In bending of cross sections, due to presence of the Poisson’s ratio v, a transverse cur-
vature is also generated with a radius of R/v. In sections with large widths and short spans,
this transverse curvature is prevented by supports. Actually, by increasing width of the
beam and decreasing its span, its behavior converts to the behavior of plates in bending.
This will increase bending capacity of the section. A factor a can be utilized for considera-
tion of this effect, as follows,

1

1<a<
T 1-202

an

The lower bound of a corresponds to ordinary beams with a small width to thickness
ratio (c/t) and a large span to thickness ratio (b/f). In contrast, the upper bound of a cor-
responds to the beams with opposite characteristics. For the dimensions used for the dis-
sipater plates, a=1/(1 —v?) can be used with good accuracy. The Poisson’s ratio, v, can be
considered as 0.3 for steel.

According to Fig. 5, length of the dissipater plates between the two middle supports
increases during deformations. The additional length is provided by slippage of plate on
the middle supports. In turn, it prevents formation of axial force in the middle part of
the plate. As the deformations increase, plate’s angle of rotation at the middle support,
Oppors Increases. At large deformations, movement of the plates at the middle supports
will become limited. It causes axial force development in the middle part and conse-
quently increases the capacity of the device. Extent of limitation of slippage on the mid-
dle supports, depends on the ratio of the plate thickness to the length of the middle part,
t/b. Increase of the dissipater’s capacity due to this factor also depends on the geometric
parameters of the dissipater plate. This effect can be considered as a coefficient f on the
capacity of the damper.

The axial load P of the PBYD device can be written in terms of the maximum strain of
the middle part of the dissipater plates, &, as below,

P=a {MF< )} gosey
cnt net® £, €,
B e A
cnt net® oy [ €,
P=a {EF< >+EE (eo—ey)<1—;>(1+2—£0)}gr<50§gu

12
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Fig. 8 The hysteretic behavior approach of the analytical model

where the strain ¢, corresponds to the beginning of movement restriction and the value of
p can be considered in terms of geometric parameters of the dissipater plates, as follows,

£, =A— (13)

p=1 +y%(60—£,) (14)

where A and y are some coefficients to be calibrated based on the test results.

By substituting Eq. (8) in Eq. (12), an implicit relation can be established for deter-
mining the load—displacement curve as shown schematically in Fig. 7. This load—displace-
ment curve is considered to be the skeleton curve of the hysteresis behavior of the device..
Numerical study of the suggested dissipater shows a hardening behavior somewhere
between the isotropic and kinematic hardening rules. Based on this study, a combined rule
including 0.3 isotropic and 0.7 kinematic hardening exhibits the best conformity with the
experimental hysteresis. Regarding this issue, the cyclic curve of the analytical model of
the proposed dissipater can be plotted using the skeleton curve and the cyclic approach
of Fig. 8. In this figure, the skeleton curve is followed at the beginning of loading to the
specified displacement, §;, and the corresponding load, P,. By reversing the loading, the

@ Springer



Bulletin of Earthquake Engineering

unloading curve follows a parallel line to the initial branch with the slope k;, up to the load
2(0.3P,+0.7P,). After this point, the loading curve follows the pattern of inelastic region
of the skeleton curve up to the specified point (6,, P,) on the skeleton curve.

4 Experimental program

An experimental program was designed to evaluate the cyclic behavior of the proposed
yielding dissipater as well as to calibrate and verify the analytical model. The proposed
dissipater is used as a part of a concentric braced system under cyclic loading caused by
an earthquake. In this case, the brace member and consequently the dissipater device carry
axial hysteretic forces. The brace is designed to carry an axial load larger than the dissi-
pater capacity before buckling or yielding. Hence, the dissipater device can be tested inde-
pendently under an axial cyclic loading.

4.1 Specimens and the standard tensile test characteristics

A total number of 16 specimens of the proposed dissipater device were prepared and tested
in laboratory. In order to compare the performance of the device configured with differ-
ent design parameters, the samples were designed at two levels of ultimate capacity. 11
samples were designed with an ultimate design capacity of 50 kN (specimens 1-11) and
5 samples with an ultimate design capacity of 90 kN (specimens 12—16). Equation (3) has
been used to design these samples. The dissipater plates were made of St37 steel with a
nominal yield and an ultimate stress of 240 and 370 MPa, respectively. Other non-ductile
parts were made of St52 steel plates of 12 mm thickness with a nominal yield and ultimate
stress of 360 and 520 MPa, respectively. The total weight of the specimens, consisting of
the dissipater plates and non-ductile parts, vary between 120 kg (specimen 1) and 175 kg
(specimen 16). In design of the specimens, Eqgs. (1-3) are used considering R,=1.15 and
C,=(F,+F)/(2F,)~1.25 for material and capacity overstrength factors, respectively. The
accuracy of such assumptions is investigated afterwards during the tests.

The characteristics of the dissipater plates are determined by performing standard ten-
sile tests on coupons of different thickness (ASTM E8-04 2004). The resulted stress—strain
diagrams are illustrated in Fig. 9. In addition, experimental values of the parameters of
the idealized bi-linear stress—strain curve of the material shown in Fig. 6, are listed in

Fig.9 Stress—strain curves for 500
the dissipater plates; tensile test 450
results for different dissipater
. 400
thicknesses and the correspond-
ing idealized bilinear curves for —_ 350
the analytical model £ 300
S 250
2 200
3=
&S 150
100
50

Bi-Linear Curve

0 0.05 0.1 0.15 0.2 0.25 0.3
Strain
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Table 1 Experimental values of the parameters of the idealized bi-linear model for material of the speci-
mens (see Fig. 6)

Plate thickness Fy (MPa) F, (MPa) € (%) €, (%) E (MPa) E* (MPa)
10 255.5 380.4 0.126 18.7 203,400 672
12 290.6 389.3 0.143 184 203,400 541
15 310.9 478.8 0.153 16.6 203,400 1021
20 290.8 419.3 0.143 214 203,400 605
Fig. 10 Design dimensions of the
dissipater device I%] a-95
14
gls Q 2 1100 mm
\gir===nitl
Mo o
~o ¢ . o
45 mm R
5,
120mm| | |[B_p—35 | | (260 mm
45mm T
o o
== == ==k
[° ] 121 150 mm
—
o\ o |5050
o o
=43,
a1 12 mm
O
—— 112 mm
—a——b——a—

Table 1. The tensile test gives an average modulus of elasticity of 203.4 GPa. The mate-
rial overstrength factor R, can be obtained by dividing the yield stress of the plate material
observed in the test to its nominal yield stress (240 MPa). For plates with thicknesses of
10, 12, 15, and 20 mm, this ratio is calculated to be 1.06, 1.21, 1.29, and 1.21, respec-
tively, with an average value of 1.19. This average value is 3.5% larger than the assumed
value (R,=1.15) in design of the samples. The general dimensions of the PBYD device are
shown in Fig. 10. The design capacities of the samples are demonstrated in Table 2. The
maximum axial displacement allowance applicable to the device is equal to the distance
between the two sections of the brace member that is considered to be 120 mm in design
(Fig. 10). The total length of the device is about 750 mm which permits an average strain
of 16% in the device at maximum applied axial displacement.

4.2 Test setup and loading history

The Santam universal testing machine with a capacity of 150 kN is used to apply the cyclic
axial loading. A displacement loading protocol is applied quasi-statically to the specimens as
shown in Fig. 11. The loading device is adjusted to apply a displacement rate of 250 mm/
min. The test setup is demonstrated in Fig. 12. A total number of 40 loading loops with a
6000 mm cumulative displacement are applied to the specimens in this loading history. This
protocol has been obtained by modifying the SAC protocol (SAC 1997) with adding 6 cycles
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Table 2 Sizing of the specimens

Specimen Number of Dimensions of the dissipater plate Design axial strength
dissipater - - - of the dissipater (P,)
plates Thick-  Length Middle part Width (¢) (mm) (kN)

ness (L=2a+b) length (b)
(mm)  (mm) (mm)

1 6 10 363 150 103 50.0

2 6 10 413 200 103 50.0

3 6 12 453 150 102 50.2

4 4 15 458 150 103 51.9

5 4 15 511 200 101 50.4

6 6 15 619 150 103 51.1

7 6 15 672 200 103 50.8

8 6 10 463 150 153 50.6

9 4 12 452 150 153 50.3

10 6 12 603 150 152 50.0

11 4 15 624 150 153 50.1

12 6 15 461 200 102 91.0

13 4 20 460 150 103 91.7

14 6 20 611 150 102 91.6

15 6 15 543 150 153 90.7

16 4 20 610 150 152 91.2

125

100

—~ 75

é 50

g 25

g o
Q

g s

5

A s

-100

-125

5 10 15 20 25 30 35 40
Cycle No.

Fig. 11 Cyclic loading history

of 0.1875% relative drift and 2 cycles of 5% relative drift to the SAC protocol. It is assumed
that the PBYD device is located in a diagonal braced bay (Fig. 1) with a 3.2 m height and
3.5 m span and 5% relative drift is applied to the frame at maximum.
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Loading device
Lateral roller support

Dissipater plate
Lateral constraint block

Middle roller support

Contact between holder plate
and lateral constraint block

Holder plate

Fig. 12 Test setup

5 Results and discussion

Deformation of the plates of specimen 6 at the maximum compressive displacement is
shown in Fig. 13. The hysteretic load—displacement curves of the specimens are demon-
strated in Fig. 14. A summary of the test results is tabulated in Table 3.

Fig. 13 Dissipater plate deforma-
tion of specimen 6 at maximum
compressive displacement
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Load (kN)
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(b) Specimen 2

Experiment Experiment
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1
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'§ 25
-50
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-100 -100
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s (e) Specimen 5
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Displacement (mm)

(h) Specimen 8

Experiment

-120-100-80 -60 -40 -20 0 20 40 60 80 100120 -120-100-80 -60 -40 -20 0 20 40 60 80 100120

Displacement (mm) Displacement (mm)

Fig. 14 Experimental load—displacement hysteresis curves and analytical predictions of the axial response
of the PBYD specimens

All specimens indicate stable behavior under cyclic loading. No sign of failure or
strength reduction is observed during the applied loading. The part of the dissipater
plates between the middle supports (portion of the dissipater plate with constant
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(i) Specimen 9
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125 Experiment
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(k) Specimen 11
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Fig. 14 (continued)

(j) Specimen 10
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(I) Specimen 12
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moment shown in Fig. 3) yields uniformly. Deformation in the middle part of the dis-
sipater plates slightly increases length of plate between the two middle supports in com-
parison with the straight initial length (up to A, in Fig. 15). Therefore, the dissipater
plate slips on the middle supports to provide for the extra length. The movement marker
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Fig. 15 Dissipater plate deformation and movement marker at the middle roller supports (specimen 1)

of the dissipater plate slippage on the middle roller supports after test of specimen 1 is
obvious in Fig. 15.

Increasing the axial deformation of the PBYD device increases rotation of the dissi-
pater plate at the middle support (6, in Figs. 5 and 15). Due to sequential placement
of the dissipater plates, the significant increase in rotation of the dissipater plate at the
middle support limits slippage at the roller middle supports. This event produces an axial
force in the dissipater plates and results in a nonlinear increase in stiffness and strength of
the dissipater device at large axial displacements. In specimen 12, strength of the device
increased significantly to the values larger than the design strength of the specimen (90 kN)
and reached the maximum load capacity of the apparatus (150 kN). This test was stopped
to prevent damage to the test setup (visible in Fig. 14/). In specimens 1 and 2, the allow-
ance between the holder plates and the lateral constraint blocks that was initially equal
to 12 mm (Fig. 10), reduced to zero at a nearly 90 mm axial displacement because of the
dissipater plate slippage on the middle roller supports as observed in Fig. 12. The result-
ing contact between the holder plates and the lateral constraint blocks increased the device
strength abruptly. The corresponding tests were stopped also to prevent damage to the test
setup (visible in Fig. 14a and b).

Based on comparison of the analytical results with those of the experimental tests, val-
ues of the parameters A and y in Egs. 13 and 14, respectively, are calibrated to be A = 0.075
and y = 2500. By using these values in the equations of Sect. 3, applying the loading pro-
tocol of Fig. 11 on the skeleton curve and considering the cyclic approach of Fig. 8, the
analytical cyclic curves of the force—displacement behavior of the specimens can be drawn.
These curves are demonstrated alongside the test results in Fig. 14. Comparison between
the experimental and analytical results confirms the fact that the analytical model can pre-
dict the cyclic response of the proposed dissipater with a very good accuracy.

5.1 Initial stiffness and yield strength

The experimental yield strength (P, ,,) and the yield displacement (3,,,,) of the specimens
are shown in Table 3. The yield point is defined as the point at which there is more than 5%
deviation from the initial linear relationship. Ratio of the predicted stiffness (k;) calculated
by Eq. (2) to the experimental initial stiffness (k;,,=P, /6, ,,) is also shown in Table 3.

v,ex
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As seen, Eq. (2) predicts the stiffness up to 8% more than the experimental results, show-
ing good accuracy of the equation. The cyclic load—displacement curves in Fig. 14 indi-
cate that stiffness of the device decreases gradually after the yield point because of gradual
increase of the yielding area through the thickness of the dissipater plates (Fig. 4). Hence,
a sudden drop in stiffness is prevented in the proposed device. Difference between the pre-
dicted and the experimental yield strengths (P, and P, ,,, respectively) is less than 14%,

which demonstrates the validity of Eq. (1) to predict the yield strength of the PBYD device.

5.2 Peak strength and nonlinear effects

The maximum strengths of the specimens in tension, P,,,, and in compression, P, are
demonstrated in Table 3. Based on this table, the PBYD device exhibits the same behavior
in tension and compression. Because of the nonlinear increase in strength due to strain
hardening and slippage allowance of the dissipater plates, the specimens’ ultimate strength
at large displacement is considerably more than the yield strength. The load—displacement
curves of the samples (Fig. 14) with a significant rotation of the dissipater plate at the mid-
dle support (8y,,,,,, in Fig. 15), show that this rotation has a strong effect on the nonlinear
increase of strength capacity of the device. This parameter can be approximated by the fol-

lowing relationship,

Aa)cial
Oppore = arctan g (15)

a

where A, is the axial displacement applied to the PBYD device and a is the length of the
side parts of the dissipater plate (Fig. 3).

To investigate the effect of this parameter, the axial displacement level of 80 mm is
considered, corresponding to a 3.5% drift in the assumed design frame. Table 4 shows the

Table 4 Characteristics of the specimens to determine the design factors

Specimen 9suppon,xo ©) P esion (kN) P, 50 (kN) Py 80/Pesign €0,design (%)
1 20.6 50.0 74.70 1.49 0.035
2 20.6 50.0 74.27 1.49 0.026
3 14.8 50.2 61.55 1.23 0.018
4 14.6 51.9 69.20 1.33 0.028
5 14.4 50.4 66.83 1.33 0.026
6 9.7 51.1 53.59 1.05 0.018
7 9.6 50.8 51.84 1.02 0.013
8 14.3 50.6 56.41 1.11 0.023
9 14.8 50.3 58.30 1.16 0.029
10 10.0 50.0 49.64 0.99 0.018
11 9.6 50.1 54.63 1.09 0.017
12 17.0 91.0 139.76 1.54 0.025
13 14.5 91.7 112.73 1.23 0.048
14 9.8 91.6 93.55 1.02 0.031
15 11.5 90.7 106.46 1.17 0.021
16 9.9 91.2 95.45 1.05 0.031
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values of rotation of the dissipater plate at the middle support and the corresponding axial
force at 80 mm axial displacement (6, 30 and P, gy columns of Table 4, respectively).
The ultimate design force of the specimens (Py,y,,) is also reported in Table 4. In design
of the dissipater, only the effect of strength increase due to strain hardening is considered
using C,. Therefore, the C, factor should be modified according to rotation of the dissi-
pater plate at the middle supports. Comparison between values of the strength at an 80 mm
displacement and the design strength of the specimens (with C,=1.25) is used to modify
the C, factor (P, 3o/P joyi,n in Table 4). Based on the above comparison, the following over-
strength factor can be utilized to design the proposed dissipater.

F,+F, i
Cp = 2F, gmppm,t <10 o
F,+F, . .
C,= e 0.04(0,pp0rt = 107) Byppory < 10
where 6,,,,, is the rotation angle of the dissipater plate at the middle support calculated
by Eq. (15).

5.3 Ductility

None of the specimens showed failure or decrease in strength at the maximum applied
cyclic displacement. The maximum displacement has been calculated as the displacement
equivalent to the assumed 5% story drift, being equal to 113 mm. Maximum strain at the
middle part of the plates, &g 4, is calculated in Table 4 using Eq. (8). These values are
substantially less than the failure strain of plate material in Fig. 9. Therefore, the ultimate
tolerable displacement of the device, 8, and its corresponding ductility factor are larger
than the values calculated at the maximum test displacement. In Table 3, ratio of the maxi-
mum displacement applied in experiment (5,,,,..,) to the yield displacement (6, ,,) is also
calculated. This ratio emerges to be between 6 and 20 that indicates a very gobd level of
ductility for the PBYD device.

5.4 Energy dissipation

According to the moment diagram of the dissipater plate (Fig. 3), the pure bending devel-
oped in the middle part of the dissipater plate leads to widespread plastic deformations in
this region with considerable energy dissipation capacity. The deformed dissipater plate
shown in Fig. 14 also indicates that the dissipater plate experiences large plastic deforma-
tions between the two middle supports. The dissipated energy for two design capacity lev-
els of 50 kN and 90 kN are shown in Figs. 16 and 17, respectively, versus the cumulative
displacement.

6 Conclusions

A new yielding dissipater accommodated with a pure bending mechanism (PBYD) was
introduced in this paper. The PBYD device can be simply and inexpensively manufactured
and easily replaced. The suggested device transforms the axial load of braces to pure bend-
ing in the weld-free middle part of the dissipater plates. It results in widespread plastic
deformations at this region and energy dissipation as well. This device can be designed

@ Springer



Bulletin of Earthquake Engineering

200 Specimens 1-6 200 Specimens 7-11
=) Sp. 1 = Sp.7
2 175 1 2 ws| o8
& 150 R ] - Sp.9
—
% 125 S 125 Sp. 10
o 100 o 1oo| == Sp-1
= >
£ 75 g 75
E 50 = 50
5 2 £ 25 o
o 0 - Q 0 i
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Cumulative displacement (mm) Cumulative displacement (mm)

Fig. 16 Absorbed energy versus cumulative displacement for specimens with their design capacity being
S50kN

Fig. 17 Absorbed energy versus Specimens 12-16
cumulative displacement for 300
X X S Sp. 12
specimens with their design = 275 4
N . = 250 44444444444 SP‘ 13 f/
capacity being 90 kN = 4
> 225 | 770 Sp- 14 <
2 200 Sp. 15 ///
£ 175 [—-—- Sp.16 RS
o 150 S
>
Z 125 S
= 100 7
g 75 ~
= 50
© s
0~

0 7 1000 2000 3000 4000 5000 6000
Cumulative displacement (mm)

for the same structural characteristics with different dissipater plate details. Sixteen cyclic
tests were conducted on independent samples of the proposed device. Specimens were
designed in two different capacity groups. The load—displacement hysteresis curves dem-
onstrate a stable behavior for all PBYD specimens. Also, the same behavior in compression
and tension was observed for the proposed device. The specimens of the proposed device
exhibited large displacement capacities and capability to sustain large number of cycles.
No sign of failure or stiffness degradation was observed in the specimens at the maximum
applied cyclic displacement (a displacement equivalent to 5% drift in the corresponding
frame). The suggested device showed proper ductility at the test displacement range. The
initial stiffness and yield strength of the specimens were properly predicted by the analyti-
cal equations. The overstrength design factors including R, and C, were investigated in this
study to evaluate the ultimate strength in design of the PBYD device. Also, an analytical
model was developed to predict the cyclic load—displacement curve of the suggested sys-
tem considering geometrical and material nonlinearities. The analytical model was cali-
brated using the experimental results to consider the nonlinear effects of limitation in slip-
page of the plates at the middle supports for large displacements. A very good agreement
was observed between the analytical and experimental results.
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