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To evaluate the hysteretic behavior of the low-yield-strength steel shear panel damper (LYSPD) accurately is
very important for the dynamic analysis of the structure. Various analytical models for hysteretic behavior of
the LYSPD are based on the static experiment results nowadays while it may be affected by dynamic loading
speed, loading history and increased temperature. This paper presents a series of static and dynamic exper-
imental investigations for examining the hysteretic behavior of the LYSPD. Obvious difference is observed be-
tween static and dynamic hysteretic curves. The test results suggest that the precise description of the
nonlinear behavior of the LYSPD under static loading makes no sense. The nonlinear behavior of the LYSPD
is replaced by linear strain hardening caused by dynamic loading speed and the perfect elastic-plastic
model is more suitable for describing the hysteretic behavior of the LYSPD under dynamic random wave.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Passive energy absorption damper is widely adopted in current
seismic resistant design of structures [1-3]. In the design approaches,
damper that is installed in the building or the bridge serves as a fixing
apparatus under small earthquake while it plays an important role to
dissipate energy during large earthquakes. The effective damper force
is set lower than the structural yield force to prevent the failure of
structure and it could be adjusted by the cross section or the number
of the damper. The earthquake energy is mainly dissipated by the
damper which works just like “fuse” and failures while the structure
remains intact during the earthquake.

As the low-yield-strength steel (100 N/mm?) possesses the merits
such as stable hysteresis curve, good low-cycle fatigue characteristics,
insensitivity to the ambient temperature etc., it is an ideal material for
the design of damper. Since the concept of structural vibration control
is proposed in 1972 [4], theoretical and experimental research on the
low-yield-strength steel and development of various dampers are
made effort by many scholars in the world [5-12]. So far, the dampers
made from low-yield-strength steel have been widely applied to the
practical engineering of building and bridge in the United States,
Japan, Canada, New Zealand and other countries.

No matter what kind of the damper shape, the cyclical plastic defor-
mation of the low-yield-strength steel is used to absorb the seismic
energy. Simultaneously, the energy absorption capacity is depended
not only on the deformation capacity but also on the stable force of
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the damper. And, it is very important to evaluate the energy absorption
performance of the damper when the damper is incorporated into the
structure. In view of that mentioned above, to set up a model that can
well predict the hysteretic behavior of the damper under the seismic
wave is an effective solution. And, a number of models that describe
the hysteretic curves of the dampers have been proposed by several
researchers [13-17]. As the low-yield-strength steel has no apparent
yield strength, the hysteretic behavior of the damper is composed of
elastic segment, perfect-plastic segment and the smooth transition seg-
ment from elastic to plastic in ordinary in which the latest segment is
also needed to be modeled accurately. Among the models that describe
the smooth transition, Ramberg-0sgood and Boun-Wen [18] models
are usually adopted because the Baushinger effect as well as strain hard-
ening and/or strain softening can both be incorporated into these two
models. However, the numerical analysis are all based on the static
test results, the dynamic behavior of the damper is still unclear. There-
fore, it is necessary to organize dynamic tests to verify the feasibility of
the models mentioned above or to set up a new rational model of the
damper.

Nowadays, the series research on one LYSPD including static incre-
ment, static constant, dynamic constant and dynamic random wave is
still rare. However, the series research on the damper is very valuable
for the researchers to understand the damper performance systemati-
cally and it is also very important for the damper designers to grasp
the real damper performance well. Therefore, one LYSPD with a 70%
shear strain [horizontal displacement/height (y=3&/H)], verified to be
the maximum deformation capacity of the LYSPDs at present [19], is
selected as the test specimen firstly. Subsequently, serial tests are
conducted to investigate the hysteretic behavior of the LYSPD under
different loading. Results and discussions are presented, emphasizing
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Fig. 1. Tensile coupon experiment results.

the key factors that affect the hysteretic behavior and setting up a ratio-
nal numerical model for the LYSPD.

2. LYSPD
2.1. Performance of low-yield-strength steel

Tensile coupon tests for low-yield-strength steel 100 are conducted
and the obtained stress—strain curves are demonstrated as Fig. 1. The
yield strength o, defined by the 0.2% offset value of 0g, is 100 N/mm?
and the elongation reaches 60%. The yield shear stress is about
58 N/mm?. The maximum stress is around 265 N/mm? and the corre-
sponding maximum shear stress is around 155 N/mm?2. The curves
can be nearly divided into four sections: the elastic section, smooth
transition from elastic to plastic, the perfect plastic section and the
degradation section.

2.2. LYSPD structural

The shape and size of the specimen are shown in Fig. 2(a). Ribs are
widely applied to the design of shear panels or other structures for
the purpose of improving the stress concentration located at the cor-
ners. However, the rib ends are easy to crack under the hysteretic load-
ing with large shear angle due to the material deterioration resulting
from welding. Moreover, the stress concentration at the panel's four
corners is apt to be further intensified by welding intersections. Taking
the above into consideration, two stiffeners (t=24 mm/h=50 mm) at
the up and down sides of the panel are shaped after the original panel
instead of by welding, whereby the local “plastic hinges” at the corners

of effective panel area are properly separated from the rib ends. To pre-
vent the stress concentration caused by sharp variable cross-section,
arcs of 47 mm radius are introduced to handle different panel thickness
in connecting. The ribs are the thin panels made also from LYS100,
266 mm in length, 72 in width and 12 in thickness. The deformation ca-
pacity of the shear panel is thus enabled to reach 70% shear strain by the
optimization.

As indicated by Fig. 2(b) and (c), with the LYSPD fixed on the base
plate by 12 M24 high-strength bolts the top fixture can still move
freely in a horizontal line. The seismic function of the LYSPD could
be recovered soon after the earthquake as it can be easily replaced
or re-centered. The bending moment and the out-of-plane torsion of
shear panel are suppressed by two pairs of links set at both sides of
the panel. The link mechanism is made from SM490 and SS400.

3. Test detail
3.1. Test setup

As shown in Fig. 3, one head of the 100 t MTS dynamic actuator is
fixed on the back strength wall and the other connected to the beam
that can move horizontally. Two counterforce devices are installed on
the beam to provide the force acting on the topside of the LYSPD.

In this experiment, force is measured through the actuator load
cell (0.5 kN in precision) and displacement measured by laser exten-
someters (0.05 mm in precision). To eliminate the errors caused by
test equipment to secure the accurate data of damper horizontal dis-
placement, two laser extensometers (LEX1 and LEX2) are used to
measure the horizontal displacement at the LYSPD's top and bottom
beams. Difference in measuring results between LEX1 and LEX2 is
taken as the pure horizontal displacement of the LYSPD. And the tem-
perature of the LYSPD is detected in real time by non-contact temper-
ature sensor TH6300R.

3.2. Test plan

The horizontal displacement/panel effective height is defined as
shear strain . In the present study, a reversed cyclic loading con-
trolled by the shear strain is applied to the specimens (see Fig. 4).

As shown in Fig. 4(a), the loading pattern is a stepwise incremen-
tal cyclic loading protocol adopted in the deformation capacity verifi-
cation test of the development stage. The increment shear strain is 5%,
the ultimate maximum shear strain is 70%.

The static and dynamic constant tests are presented by Fig. 4(b)
and (c). The waveforms are applied with amplitudes of 20%, 30%,

546 253225
!
= 0
ENNS) ok
' ’.'2=4:*' 3]____ g | Top Beam '_.__:
g 11 /Rib 1 r"l !
=) M
2 1 Panel Damper A E
e 3 1]
é " @f\ I L~ Link i {i1] o
= |
? Bottom Beam I ) i
7! 11 I l
% 1 1 Ll_:J
] b Fix Plate L[] ]
2] [~ | (]~

EX

5@100=500 ' 50

!
HiH HiH HEHE NI
|

B S

T5H

(a) Dimension of shear panel

(b) Panel with link mechanism

(c) Side view

Fig. 2. Specimen details (units: mm).
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Fig. 3. Test setup.

40% and 50% shear strain vy respectively. The cycles are fully reversed
with strain ratio R="Ymin/Ymax” = — 1, varying just at shear strain
amplitude <y and shear strain rate v,. The shear strain rate v, of
quasi-static loading is 0.4%/s (0.5 mm/s). 0.5 Hz and 1 Hz that repre-
sent the typical resonance frequencies of bridge systems are set as the
dynamic loading frequencies [20].

Seismic response waves of the LYSPD are investigated through
simulation on a bridge sample, which is a typical bridge in practical
application and is an example in the DYMO software [21] developed
by the Japan Civil Engineering Research Center and widely applied
to the accurate dynamic analysis of bridge systems. The waves,
recorded in Japan's 1995 Hyogoken Nanbu Earthquake with a large

peak ground acceleration (PGA) and defined as level 2 waves in Spec-
ifications for Highway Bridges of Japan [22], are selected as input earth-
quake waves in the numerical analysis. Three seismic response waves
of the LYSPD that appear badly prone to damage under each soil con-
dition in simulation are chosen as the input earthquake waves of dy-
namic random tests, as illustrated in Fig. 4(d)-(f). These waves can
well reflect the real motions of the LYSPD during the earthquake
and they are unified as the same maximum shear strain of 70%. Simul-
taneously, the maximum shear strain of the wave02 is adjusted to
50% and 80% proportionally. This group is set to determine the dam-
age to the LYSPD at different shear strain amplitudes or rates. In addi-
tion, for the purpose of eliminating the influence of temperature and
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Fig. 4. Loading pattern.
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Table 1
Test plan.
Loading pattern  Serial Specimen  f(Hz) T(s) Yy (%) v (%/s)
Increment Static Inc70 - - 70 0.4
Constant Static ST20 - - 20 0.4
(ST) ST30 30
ST40 40
ST50 50
Dynamic D05-20 0.5 2 20 40
(D05) D05-30 30 60
D05-40 40 80
D05-50 50 100
Dynamic D10-20 1.0 1 20 80
(D10) D10-30 30 120
D10-40 40 160
D10-50 50 200
Random Wave01 W01-70 - - 70 -
Wave02 WO02-70
Wave03 WO03-70
Wave02 W02-50 50
Wave02 WO02-80 80

residual displacement, re-centering and cooling follow the seismic
response wave loading. And this process is repeated until the failure
of the LYSPD. The test plan is listed in Table 1.

4. Results and discussion

4.1. Failure mode

Typical failure modes of the static and dynamic tests are shown in
Fig. 5. With the increase of rotation angle (local bending) and hysteretic

(a) Inc70

(c) D10-30

tension and compression, at 60% loading shear strain, two small cracks
of the welding seams and small rib necking are observed at the bottom
“plastic hinges”. The welding seams and rib go totally broken at 70%
loading shear strain. At the same time, small out-of-plane shear buck-
ling is observed, as shown in Fig. 5(a). Representative constant static
and dynamic failure mode at 30% loading shear strain is demonstrated
in Fig. 5(b) and (c). In spite of the rarely small width/thickness ratio
of the LYSPD, obvious out-of-plane shear buckling is observed in the
static constant test (Fig. 5(b)). Instead of shear buckling in static
constant tests, in-plane shear deformation is dominant in the dynamic
constant tests (Fig. 5(c)). In the constant dynamic tests, a significant
heat rise prior to failure is also observable within the effective
panel-deformation area. The horizontal high-temperature red band is
mainly caused by the horizontal layer internal friction triggered by
in-plane simple shear. Similarly, the failure modes of the specimens in
the dynamic random wave tests which undergo several same seismic
waves are also resulting from the in-plane simple shear (Fig. 5(d)).
And, as the same loading amplitude cannot be repeated in real seismic
wave and coupled with the reduction of cycle number, the high-
temperature red shear band in constant dynamic tests is not observed
in the dynamic random wave tests. The panel cracks from the rib
ends, followed with out-of-plane buckling.

As the out-of-plane shear buckling is observed in the static test of
the LYSPD, the formation of the tension zone and the angle of the
tensile are taken into the consideration of the maximum shear
strength evaluation in the traditional researches. Meanwhile, instead
of the out-of-plane shear buckling, the in-plane deformation is the
dominant in the dynamic constant or random wave tests. The point
defects induced by cross slips based on out-of-plane shear buckling
are replaced by the in-plane interlaminar slips that parallel to the
shear force. The in-plane interlaminar deformation has many

(d) W02-70 (7thwave)

Fig. 5. Failure mode.



C. Zhang et al. / Journal of Constructional Steel Research 84 (2013) 105-113 109

240
180 [
120

Shear stress (Mpa)
(=)

80 -60 40 -20 0 20 40 60 80
Shear Strain (%)
(a) Inc70

’t/’ty

L
—_0 = N W A

Shear stress (Mpa)
S

T T T T T

60 [ L J.
-120 F L 12
-180 | 13
L N I

-80 -60 -40 20 O 20 40 60 80
Shear Strain (%)

(b) ST50

240 L L
180
120 -
60 -

‘E/‘Cy

.60 F
-120
-180

-240 !
-80 -60 -40 -20 0 20 40 60 80

Shear Strain (%)
(C) D05-50

Shear stress (Mpa)

Fig. 6. Representative hysteretic curves.

advantages, like the simplicity of the sample geometry, the absence of
any plastic instability such as localization and/or necking in tension or
barreling in compression, and the large range of achievable homoge-
neous strains. Therefore, the relation between shear stress and shear
force can be simplified as:

F=TA (1)

where F indicates the shear force, and A the shear area including the
rib cross section. When the low-yield-strength steel is supposed as
perfect elastic-plastic model, the shear stress T can be expressed as,

T=Gy (O<y<yy)
T=T

o) )

where, G indicates the shear elastic modulus, T, the yield shear stress,
7 the shear strain, and vy, the yield shear strain.
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Fig. 7. Static and dynamic hysteretic curves in virgin stage.

4.2. Static and dynamic constant tests

4.2.1. Hysteretic curves

The hysteretic curve difference between static and dynamic con-
stant tests is compared based on the test results preliminarily. The
hysteretic curves of static increment test, static constant test and the
representative hysteretic curve of dynamic constant test are shown in
Fig. 6. The shape of the hysteretic curves in the static tests exhibits
as spindle (Fig. 6(a) and (b)). And, the hysteretic curve is composed of
elastic and smooth nonlinear curve when the shear strain amplitude
is small. With the increase of the loading amplitude, an approximate
perfect-plastic curve follows the curves mentioned above, as demon-
strated in Fig. 6(a). Characterized with the Bauschinger effect, the
shape of the static constant hysteretic curves (Fig. 6(b)) exhibits
the same shape of the static increment hysteretic curve. However, the
shape of the hysteretic curves in the dynamic constant tests exhibits
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Fig. 8. Comparison of static and dynamic hysteretic curves.

as rectangular without the Bauschinger effect, as shown in Fig. 6(c).
Large difference of hysteretic behavior between static tests and dynam-
ic constant tests is observed according to the test results.
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4.2.2. Virgin loading

The shear stress-shear strain curves under the virgin loading
of static and dynamic constant tests are shown in Fig. 7. As the
low-yield-strength steel possesses the good stability, four static test
results with different response shear strains show the same hysteretic
curve trajectory, as demonstrated in Fig. 7(a). It is composed of three
parts, the elastic segment, the smooth transition from elastic to plas-
tic and the plastic segment. The shear modulus Ggs, yield shear strain
7Yyse and yield shear stress 7, of elastic segment are 38 kN/mm?,1.2%
and 47 kN/mm? respectively. The plastic segment is also demonstrat-
ed as linear with a plastic shear modulus around 1.3 kN/mm?. In the
case of dynamic tests, the yield shear stresses are all around 2 times of
the value of static test. Furthermore, the yield shear strains under
dynamic tests are only half of that of the static tests. Based on these
two points, the elastic shear modulus under dynamic tests Ggqy
is about 4 times of that of the static tests. Simultaneously, under
dynamic tests, the smooth transition segment between elastic and
plastic is narrowed to a rarely small range and the plastic shear mod-
ulus Gpgy drops 25% of that of the static tests. Therefore, the relation
between static hysteretic curves and dynamic hysteretic curves can
be described as follows,

Gray = Grgef (GEv Vy) 3)
Yydy = ’sztfz ('Yv vy) (4)
Gpay = Gpeif3 (GE-, V'y) )

where, f; is 4,regardless of speed changes(from 60%/s to 200%/s). f>
and f3 are 0.5 and 0.75 respectively. It is generally regarded that
these changes are caused by the loading speed. Without the influence
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Fig. 9. Maximum stress history.
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of loading history in the virgin loading, the viscous effect results from
loading speed (stress hardening) is larger than the temperature effect
(stress softening) results from plastic deformation. With the reduc-
tion of the yield shear strain and smooth transition of static hysteretic
curves, the hysteretic curves under dynamic tests tend to the perfect
elastic-plastic.

4.2.3. Cyclical loading

At the end of first cycle, the LYSPD reaches each maximum
stress and begins the second cycle [23], as demonstrated in Fig. 8.
Romberg-0sgood and Bouc-Wen models that can well describe the
smooth curve of the Bauschinger effect are adopted by many scholars.
The description of the smooth curve shape is realized by adjusting
two shape parameters or four shape parameters in these two models
respectively. However, the change of the hysteretic curve under the
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Fig. 11. Hysteretic curve of W03-70.

dynamic loading has not been investigated or incorporated into
these models.

Similar with the virgin loading, the elastic shear modulus is in-
creased to about four times of that of the static test. In addition, the
smooth transition between elastic and plastic segments in the static
hysteretic curve is rectified to a linear relation. The Bauschinger effect
no longer exists and the hysteretic curve can be modeled as perfect
elastic-plastic model. As mentioned above, the dynamic loading
plays a shaping role. The irregular nonlinear hysteretic curves under
static test are reshaped as regular linear hysteretic curves.

4.2.4. Stress history

A precise description of the smooth transition of the hysteretic
curve becomes unimportant in the dynamic constant loading. Instead,
based on the perfect elastic—plastic model, to clarify the cyclical stress
hardening or stress softening caused by loading speed is hoped to
arouse attention. As the isotropic hardening is observed in both static
tests and dynamic tests, the positive maximum stress history in each
cycle of the LYSPD is applied to analysis, as demonstrated in Fig. 9.

Affected by the loading speed, the maximum stresses of dynamic
tests are larger than that of static tests, especially when the shear
strain is 30% and 40%. The stress hardening should be paid attention
to in the structure seismic design as the design approach relies on
the bound force of the LYSPD. The maximum shear force of the
LYSPD should be set lower than the yield force of main structure,
and then the earthquake energy can be dissipated by the plastic de-
formation of the LYSPD. However, the stress hardening of the damper
will trigger the malfunction of this mechanism, resulting in inade-
quate energy dissipation capacity of the damper and destruction of
the main structure.

The maximum shear stress 7max both in static and in dynamic tests
is around 180 Mpa which is approximate with the value calculated
based on the coupon test. It shows the feasibility that the stress of
the LYSPD in the large plastic deformation can be calculated by
Eq. (1) on the basis of homogeneity deformation supposition. The
maximum shear stress is achieved and kept as a constant when the
shear strain is larger than 50% in static tests. Affected by the stress
hardening, the maximum shear stress is nearly approached when
the shear strain is 30% in dynamic tests. As the deformation capacity
of the LYSPD is more than 70% shear strain, the response amplitude
of the LYSPD larger than 30% shear strain will be designed as the
dominant energy absorption range in practical use. And the maxi-
mum shear stress can also be taken as the plastic stress in the perfect
elastic-plastic model approximately.

With the increase of the cycle number, stress softening is easy to be
produced which is greatly depended on the loading history and temper-
ature. As shown in Fig. 9, when the same shear strain is repeated in dy-
namic tests, the stress softening is observed even when the increased
temperature is not so high (Fig. 9(a)). That is, the shear band has been
formed through the former shear loading. Without the enough time
for the recovery of the crystal nucleation in the shear band, the crystal
resist force in the LYSPD will decline in the next shear loading, especial-
ly when the same shear strain amplitude is repeated that acted on the
LYSPD in the dynamic tests.

4.3. Modeling

The hysteretic behavior of the LYSPD in the first cycle can be
modeled as elastic-plastic relation with a small plastic modulus
while it can be taken as perfect elastic-plastic relation from the sec-
ond cycle. It can be expressed as:

Tay1 = Gray Yyay Yy,
Tay1 = GEdy“dey + Gdey Y ‘* (6)

Virgin loading : { =Yy,
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Tdy2 = GEdy ’ ’Yy]dy 7<7y1dy (7)

First reverse : . :
{ Tay2 = Geay Yyray + CrY  y=y,44,

Tay = K (V. T()) Gay Vynay  Y<Yy2ay:
Cycle: ! ‘& s ly fy2dy y2dy; 8
yce { Tdy = T max YZVyauy: ®)

where 7y indicates the strain increase, Gp, the plastic shear modulus
after the first reverse, and K; the stress softening factor.

In the initial reverse loading, whether it is the static test or the dy-
namic test, the maximum shear stress is achieved when the shear
strain is 50%. Therefore, the maximum stress at 50% shear strain can
be taken as an endpoint in the coordinate of the hysteretic curve.
From the first reversal point, the hysteretic curve always moves
straight to this endpoint. And then, the Gp, in Eq. (7) can be calculated
(Tnmx “Tay1 )

(50%—yy1) *

From the second cycle, the hysteretic curve exhibits as perfect
elastic-plastic (Eq. (8)). The stress softening results from loading his-
tory or the temperature may be taken into the consideration of the
modeling. In the dynamic constant tests, the loading history changes
regularly and the loading speed is a constant. It makes the tempera-
ture increase as a constant speed. Under this circumstance, the stress
decreases linearly with the loading speed, as illustrated in Fig. 10. The
relation can be expressed as:

as Gpy =

7, =0.17y,—4.8. 9)

However, there is small number of large shear strain responses
which is also separated by several small shear strain responses in
the seismic wave. The response of the LYSPD in the dynamic random
wave is a benefit for the temperature dissipation and the influence of
the stress softening is still to be discussed.
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es of seismic wave.

4.4. Seismic wave test

4.4.1. Difference between the first wave loading and the second wave
loading

The response of wave03 is taken as the representative hysteretic
curve to clarify the difference between the first wave loading and
the second wave loading, as demonstrated in Fig. 11. The hysteretic
behavior of the LYSPD under seismic loading can be modeled as the
proposed elastic-plastic model or the perfect elastic-plastic model.
The plastic shear modulus is observable in the first loading of the
wave for the existence of the strain hardening and cyclical hardening
while it is 0 in the second loading of the wave.

4.4.2. Stable response of the LYSPD

Except the W03-70 mentioned above, the hysteretic curves of the
second loading of the other waves are taken as the typical curves and
shown in Fig. 12. The failure numbers of the seismic waves are also
listed in each title.

It is reported that the hysteretic behavior of the low-yield-strength
steel damper can be precise as predicted by the perfect elastic—plastic
model when the response shear strain is large while the error is not
negligible when the response shear strain is small in the static tests
[8]. The same phenomenon can also be observed in the dynamic tests
with higher precision of evaluating the energy absorption. As shown
in Fig. 12(a) and (b), when the response amplitude and the response
speed of the LYSPD are both small, the hysteretic curve under seismic
loading is similar with that of under static loading. However, the change
of the hysteretic curve is observed when the maximum response ampli-
tude of the LYSPD is proportionally expanded from 50% to 70%
(Fig. 12(c)) and 80% (Fig. 12(d)). The nonlinear characteristic of the
hysteretic curve (Fig. 12(b)) turns into perfect elastic-plastic behavior
(Fig. 12(c),(d)). In addition, the damper can endure 5 times of the
WO02-80 which shows enough safety margins. In term of the full and
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effective utilization of the LYSPD, the perfect elastic-plastic behavior
will be the main characteristic of the hysteretic curves. On the other
hand, the maximum shear strain of the traditional damper is not more
than 30%. Based on the static test results, it is necessary to evaluate
the insufficient energy absorption caused by nonlinear characteristic
of the hysteretic curve for the security of the structure. However, even
that the nonlinear exists in the small shear strain range (Fig. 12(a)),
it has rarely a small influence on the energy evaluation based on
perfect elastic-plastic model, because the earthquake energy is mainly
absorbed by the large plastic deformation of the LYSPD. Therefore, the
precise description of the nonlinear characteristic of the hysteretic
curve when the response shear strain is small under the seismic loading
has no meaning. The perfect elastic-plastic model is preferred as it is a
simple and convenient model for design and practical application.

As has already been noted, this study also focuses on the response
characters of the LYSPD under level-2 serve earthquake. The hysteretic
cycles with large shear-strain amplitude in the LYSPD earthquake
response waves are not more than 3 in general, the stress softening
is not observed in all of the seismic waves before the failure of
the LYSPD. Even that the maximum response shear strain in the
WO02-80 is 80% which also represents the maximum loading speed in
all the seismic tests, the increased temperature is around 120 °C at the
end of the 25 seconds' seismic wave. Meanwhile, the temperature
climbed to 550 °C within 10 s in D10-50. Relative to the dynamic ran-
dom test, the temperature effect is exaggerated by dynamic constant
tests at least 20 times. Therefore, temperature rise has little to do with
LYSPD model, which could thus be approximately evaluated by perfect
elastic-plastic without the consideration of stress softening.

However, with more hysteretic response cycles, even under small
plastic-strain amplitude, the LYSPD's stress softening should be given
sufficient attention. For example, during the 2011 Japan Northeast
Earthquake, the vibration lasts more than 1 min though its amplitude
is not very large. Under this circumstance, the LYSPD stress softening
is supposed to be evaluated by dynamic constant tests, which make
our next research topic.

5. Conclusion

Serials of static and dynamic tests are conducted to investigate
the hysteretic behavior of the developed LYSPD. Obvious difference
between static tests and dynamic tests is observed and our major
findings are summarized as follows:

(1) The failure mode of the developed LYSPD under static constant
tests is out-of-plane shear buckling while it is in-plane shear
under dynamic constant and dynamic random wave tests.

(2) The maximum shear force of the LYSPD can be calculated by

maximum shear stress and the cross section area approximate-

ly on the basis of homogeneity deformation supposition.

Desirable stability and fine symmetry in two loading directions

are exhibited by the hysteretic curves in all tests except the dy-

namic constant ones with stress softening.

(4) Except the first random wave resulting from the virgin loading,

the hysteretic curves of the LYSPD from the second random

wave are all same which shows the perfect reusability and
good stability.

A precise description of the smooth transition of the hyster-

etic curves in the static loading becomes unimportant in the

(3

~—

(5

—

dynamic constant and random wave loading. Instead, attention
should be paid to the change of elastic and plastic modulus.

(6) The hysteretic behavior of the LYSPD under the dynamic random
wave loading can be well predicted by the perfect elastic-plastic
model without consideration of nonlinear.

(7) The temperature-induced stress softening is negligible in the
seismic response of the LYSPD in this research while it should
be given sufficient attention to some special cases.
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