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F+kau u>0;u>0
—FE—ku u>0;u<0 (1)
—F+ku u<0;u<0
F—ku u<0;u>0

Fu=

(umeans damper deformation; 1 means damper deformation rate)

Until now, there is no general structural analysis software that can directly simulate
butterfly-shaped hysteretic loop dampers. However, a variety of damper elements can be used
for simulation to achieve the purpose. CSI series software, such as SAP2000 and ETABS, offered
Damper-Friction Spring element, to simulate Energy Dissipating Restraint (EDR). As the EDR’s
hysteresis loop only passes through one and three quadrants, so, the unloading stiffness in
software must be greater than zero. Butterfly-shaped hysteretic not only passes through one and
three quadrants, but also two and four quadrants, so a spring element with negative stiffness is
necessary. Butterfly-shaped hysteretic damper can be simulated by paralleling Damper-Friction
Spring element. Linear element(negative stiffness)and Multilinear Plastic —Isotropic element. The
corresponding relationship between the parameters of each simulation element and the
parameters of the butterfly-shaped hysteretic loop is shown in Table 1.

Table 1. Butterfly-shaped hysteretic friction damper simulation method

butterfly-shaped

N Damper-Friction Spring Linear Multilinear Plastic
hysteretic

Simulation unit

Element Name Element Parameters
parameter value
Initial(No slipping) Stiffness ko/2
Slipping Stiffness (Loading)  (k s) Ky_ps= 2:ky
Slipping Stiffness (Unloading) 5
Damper-Friction Spring (ka_rs)
Element Pre-compression Displacement(d.) 0

Set a big value

Stop Displacement(ds) {sticha5100#m)

Active Directon Both Directon
stiffness is Uncoupled
Linear Element Kneg=-1+ k1
(kneg)
Multilinear Plastic-Isotropic Yield deformation (Aug,) Augy=Fs/(ko/2)=2- Fs/ko

(Isotropic) yield force (Fg,) Fa,=Fs
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4. ADDITIONAL DAMPING RATIO OF THE STRUCTURE WITH

BUTTERFLY-SHAPED HYSTERETIC DAMPER

The butterfly hysteretic curve can be divided into two parts: double-triangle component and
rectangle component (as shown in Table 2).

Table 2. Equivalent resolution of butterfly hysteretic loop

Butterfly-shaped hysteretic ~ Double-triangle Component Rectangle Component
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Structures with double-triangle hysteretic energy dissipation device, assume structural stiffness is
K, structural mass is M, without damping, loading /unloading stiffness of double-triangle
hysteretic is ki. Its free vibration motion equation is Myit + Ku = 0, and
K:{Kerkl w2 0

Ki—ky, uu<0
After one period of structural vibration, the logarithmic attenuation rate of amplitude

(2)

attenuation is:

5= In(Etky (3)

Ks=ky

When § is small, the additional damping ratio is:

5 1
e O Lugy
S 2 21 [

From Equation 4, it is easy to know, double-triangle component’s additional damping ratio only

(a)

related to loading (unloading) stiffness, and It increases with the increase of loading (unloading)
stiffness, no related to the structural deformation.

For the component of the rectangular hysteretic, according to the strain energy method, its
additional damping ratio is:

&= W, /G,
¢5)

W, is energy dissipation by the damper in a cycle under the expected top displacement of the
structure, Wi s the total strain energy of the structure.

For the rectangular hysteretic loop

W=4Fg,(x-Aug,)  (x>=Aug,) (6)
X is the maximum deformation of the damper under the expected top displacement of the
structure; Audy is the damper’s slip deformation ; Fyis the damper’s slip force.

W.=KerX*/2 &))
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Kes is the equivalent stiffness of the structure (as shown in Figure 7.)

(K +K ), + K (x-4,,)
L x 8)

udy

Kq is stiffness before slipping; K; is structural stiffness.
Substitute Equation 6~8 into Equation 5 , we can get:

(9)

0.
Take the derivative with respect to Equation 9, and make % =0, the maximum value of ¢,
x

is shown in Equation 10 ,and when the maximum is reached, the structure deform X is shown

in Equation 11.

2
&= 27| l-—mue——
(K, +K,)/ K, +1
(10)
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Figure 7. The stiffness of the damper and the Figure 8. Relation curve of additional
structure damping ratio and structural deformation

Observe Equation 9~11, rectangle component’s additional damping ratio increases with the

G

the additional damping ratio decreases with the increase of structural deformation. Rectangle
component’s additional damping ratio only related to the stiffness before slipping. When the
maximum additional damping ratio is obtained, the structural deformation is related to the

increase of structural deformation firstly; When the deformation exceed
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sliding deformation (Aug,) and the stiffness before sliding (Kq).

A butterfly-shaped hysteretic curve can be obtained by superimposing a double-triangle
hysteretic curve and a rectangle hysteretic curve. As the double-triangle component’s additional
damping ratio uncorrelated with the structural deformation, and the rectangle component’s
additional damping ratio increases first and then decreases with the increase of structural
deformation, so the butterfly-shaped hysteretic damper’s additional damping ratio-structure
deformation curve own the same shape as the rectangle component’s additional damping ratio
-structure deformation curve, the effect of double-triangle component is that the curve is moved
up uniformly(as shown in Figure 8).

5. COMPARISON OF ENGINEERING EXAMPLES

In this section, an engineering example is selected as the research object. Firstly, the free
vibration attenuation method ! is adopted to verify the law that the butterfly-shaped hysteretic
variable friction damper provides additional damping ratio for the structure mentioned above.
Then, additional damping ratios, damper energy dissipation, maximum damping force and Storey
drift are compared by using time history analysis method, to further explain the energy
dissipation characteristics of the variable friction damper with butterfly hysteretic curve.

5.1 Engineering Situation

A frame structure teaching building (shown in Figure 9), 4 floors above ground, 1 floor
underground, and 18.2m high. The height and mass of each floor are shown in the Table 3, the
dampers are positioned in the Y direction, and the positions of each floor are the same (as shown
in Figure 10 and Figure 11), natural vibration period of structure is shown in Table 3. For the
convenience of illustration, it is assumed that the structural members are in an elastic state under

various load conditions, and the parameters of each damper are all the same.

Table 3 Basic information of structure

Basic information Dynamical characteristic of structure
Storey | Storey S X X Y ¥ RZ
Floor | Height Mass i Period | Direction | Participating | Direction | Participating | Direction

(m) ) Factors | Mass Ratios | Factors | Mass Ratios | Factors
4 5.6 1812.68 1 0.533 0.999 75.2% 0.000 0.0% 0.001
3 4.2 1978.32 2 0.517 0.000 0.0% 1.000 72.9% 0.000
2 4.2 1863.09 3 0.470 0.001 0.1% 0.000 0.0% 0.999
1 4.2 1863.09 4 0.218 0.998 11.3% 0.000 0.0% 0.002
-1 12 74491 5 0.197 0.000 0.0% 0.994 12.7% 0.006

Total 86.6% Total 85.6%





image8.jpeg
Figure 9. 3D structural model
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Figure 10. The elevation position ofthe damper Figure 11. The plane position of the damper
5.2 Investigate additional damping ratio with free vibration attenuation method

The free vibration attenuation method regards the free vibration attenuation of the structure
vertex of the energy dissipation structure as the free vibration of the single-degree-of-freedom
system. According to Equation 12, the vertex deformation-additional damping ratio curve is
obtained.

a Oy
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Add the dampers (the parameters of the damper listed in Table 4) to the structure respectively,
apply a shock to the structure (as shown in Figure 12).Use center difference method of ETABS
software to obtain the time history curve of structure vertex deformation (as shown in Figure 13).
The curve of vertex deformation-additional damping ratio is calculated from Equation 12, as
shown in Figure 14~ Figure 17.

& . ; \ #‘ “ j \ f \, VAAAAAAAAALA

Figure 12. Impact time-history curve Figure 13. Roof displacement time-history
curve
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Table 4 Damper parameter list

Loading /unloading
Damper Hysteretic Sliding Force N
N <k C10kN) stiffness Ky Remarks
o. ape
P (10°kN/m)
it Rectangle 10 0 Slip deformation 0.5mm
2 Rectangle 20 0 Slip deformation 1.0mm
3 Rectangle 30 0 Slip deformation 1.5mm
4 Rectangle 40 0 Slip deformation 2.0mm
5 Double-triangle 0 25
6 Double-triangle 0 50
7 Double-triangle 0 75
8 Double-triangle 0 100
9 Butterfly-shaped 10 25 Slip deformation 0.5mm
10 Butterfly-shaped 10 50 Slip deformation 0.5mm
11 Butterfly-shaped 10 75 Slip deformation 0.5mm
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Figure 14. additional damping ratio curve of Figure 15. additional damping ratio curve of
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Figure 16. additional damping ratio curve of Figure 17. additional damping ratio curve of
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Figure 14 shows the relationship between the additional damping ratio provided by the damper
and the structure's vertex displacement, when the structure is provided with different
rectangular hysteretic curve dampers (damper 1~ 4), these dampers own different slipping forces,
but the stiffness before slipping is the same. Observe the figure, following phenomena can be
found:

1) the shape of each curve rises first and then falls.
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2) Each curve has the same peak height.

3) The structural deformation of the obtained peak point increases with the increase of the

damper’s slipping force
As the damper’s stiffness before slipping (Kq) is the same, and Aug=Fs/Ks that means , the
structural deformation, that obtained additional damping ratio peak point, increase with the
damper’s deformation increase. The results are consistent with the theoretical analysis of the
rectangular hysteretic damper.
Figure 15 shows the relationship between the additional damping ratio provided by the damper
and the structure's vertex displacement, when the structure is provided with different
double-triangle hysteretic curve dampers (damper 5~ 8). These dampers own different loading
Junloading stiffness, but the Initial slipping force are all zero. Observe the figure, following
phenomena can be found:

1) Each curve is approximately horizontal, that means, the additional damping ratio is

independent of the structural deformation.

2) The greater the loading (unloading) stiffness of the damper, the greater the additional

damping ratio it provides
The results are consistent with the theoretical analysis of the double-triangle hysteretic damper.
Figure 16 shows the relationship between the additional damping ratio provided by the damper
and the structure's vertex displacement, when the structure is provided with different
butterfly-shaped hysteretic curve dampers (damper 9~ 11). These dampers own different loading
Junloading stiffness, but the Initial slipping force are all 100kN. Observe the figure, following
phenomena can be found:

1) Each curve is similar in shape and almost parallel to the other

2) When the structure deformation is the same, the greater the loading /unloading

stiffness of the damper, the greater the additional damping ratio
The results are consistent with the theoretical analysis of the butterfly-shaped hysteretic damper.
Figure 17 shows the relationship between the additional damping ratio provided by the damper
and the structure's vertex displacement, when the structure is provided with damper 1(Fs=100kN;
K:=0 kN/m), damper 6(Fs=0kN; Ki=5%10* kN/m), and damper 10 (Fs=100kN; K,=5X10* kN/m).
Move the curve of damper 10 down by 2 %( Y-intercept of the damper 6 curve), the curve almost
coincides with the damper 1 curve. The additional damping ratio - structure deformation curve of
the butterfly hysteretic damper is the same as that of the rectangular hysteretic damper with the
same slipping force. The effect of double-triangle component is that the curve is moved up
uniformly. The results are consistent with the theoretical analysis of the butterfly-shaped
hysteretic damper.

5.3 Investigate energy dissipation with time-history method

Input an artificial seismic wave into the frame structure model with different dampers
(mentioned in chapter4), the wave information shows in Table 5. For illustrative purposes,
structural members are assumed to be elastic. We can get energy accumulation diagram, as
Figure 18 shows, and damper’s hysteretic curves, as Figure 19 shows. The higher the ratio of
energy dissipation of damper to total input energy, the stronger the energy dissipation effect of
damper. The maximum damping force of the damper can be obtained through the hysteresis
curve of the damper. The larger the maximum damping force is, the more difficult the joint
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design will be.

Table 5 Artificial wave information
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Figure 18. Energy accumulation diagram Figure 19. Damper’s hysteretic curve

Figure 20 shows the relationship between the energy dissipation ratio of the damper ,and the
peak acceleration of the input seismic wave. Figure 21 shows the relationship between the
energy consumption ratio of the damper, and the top displacement angle. Observe the figure,
following phenomena can be found:
1) For the structure with damper 5 and damper 7 (double-triangle hysteretic damper ), the
energy dissipation ratio of the damper does not increase with the increase of the peak
seismic acceleration (or structural deformation).
2) For the structure with damper 1 and damper 9(Rectangle hysteretic damper and
butterfly-shaped hysteretic damper, but Initial slipping force is the same), the energy
dissipation ratio of the damper first increases with the increase of the peak seismic
acceleration (or structural deformation), and then decreases. The higher the loading
(unloading) stiffness, the greater the energy dissipation ratio of the damper
The results are consistent with the theoretical analysis of the butterfly-shaped hysteretic damper.
Figure 22 shows the relationship between the maximum damper force and Peak acceleration of
seismic waves. And Figure 23 shows the relationship between the maximum damper force and
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the structural deformation. Observe the figure, the maximum damper force increases with the
increase of loading (unloading) stiffness significantly, no convergence point or upper bound .
Figure 24 shows the Storey drifts of the structure under the incentive of the peak acceleration is
550 mm/s?, 1100 mm/s® and 2000 mm/s” artificial seismic waves. Figure 25 shows the reduction
ratio of Storey drifts (Frame with dampers VS Frame without dampers). Observe the figure,
following phenomena can be found:
1) the Storey drifts of frame with dampers are smaller than the Frame without dampers.
2) the Storey drifts of frame with damper 1(rectangle hysteretic) and frame with damper
9(butterfly-shaped hysteretic) are very close, when the peak acceleration of artificial seismic
wave is low(such as 550 mm/s?). With the increase of the peak acceleration, Storey drifts of
frame with damper 9 decreases more significant than frame with damper 1.
The reason is that, when the damper deformation is small, the shape of butterfly hysteretic
(damper 9) and rectangle hysteretic (damper 1) are nearly the same, which means effect of
energy dissipation is nearly the same too. With the increase of the peak acceleration, the
area of butterfly hysteretic curve increases gradually, the effect of energy dissipation
becomes significant.
3) For the frame with damper 5 or frame with damper 7(double-triangle hysteretic), under
the incentive of different peak acceleration waves, the reduction ratio of Storey drifts is
almost the same. The higher loading (unloading) stiffness, the more significant the reduction
ratio of Storey drifts.
The results are consistent with the theoretical analysis of the butterfly-shaped hysteretic damper.
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dampers varies with the seismic peak dampers varies with the top displacement angle
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Figure 24 Structural Storey drift
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Figure 25 Reduction ratio of Storey drift

Through the above analysis, for the double-triangle component of butterfly-shaped hysteretic
variable friction damper, the energy dissipation effect is independent of peak acceleration; for
the rectangle component, the energy dissipation effect first increases and then decreases with
the increase of peak acceleration. The law of energy dissipation is the same as the free vibration
attenuation method.

6. SOME PROPOSALS OF THE STRUCTURAL DESIGN

The main parameters of the butterfly-shaped hysteretic curve friction damper include: initial
sliding force (F;) , loading /unloading stiffness (k;) ,and Load-unload transfer stiffness (ko) .
the transfer stiffness (ko)is much greater than the loading /unloading stiffness(k;) ,and has little
effect on energy dissipation. According to the above analysis, increasing the initial slipping force
(Fs) and loading (unloading) stiffness (k;) can improve the energy dissipation effect of the damper
effectively. In practical engineering design, parameters should be selected from the following
aspects:

1) the energy dissipation effect of the damper should be improved by increasing the
loading (unloading) stiffness (k1), as far as possible; but the initial slipping force (Fs)
should not be too small.

The initial slipping force is obtained by pre-tightening mechanism, Under the long-term

action of pretension, relaxation creep problem exists in all pretension mechanisms, and the
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greater the pretension is, the more obvious the relaxation creep effect is. At the same time,
the energy dissipation effect of the rectangle component is poor, when the structure
deformation is large. However, the existence of the initial slipping force can prevent the
damper from accidental impact and inelastic deformation during the installation process.so
the initial slipping force should be able to meet the requirements of installation.
2) Itis necessary to check the maximum damping force of the damper
the maximum damping force of butterfly-shaped hysteretic friction damper, increases with
the deformation, no convergence point or upper bound .so it is necessary to check the
maximum damping force of the damper. If the frame connection cannot withstand the
maximum damping force ,the stiffness of loading/unloading stiffness (k1) should be
reduced.
7. CONCLUSION
This paper first introduces several typical organizations of variable friction dampers with
butterfly-shaped hysteretic curve, and its engineering simulation method, the influence of
damper parameters on the additional damping ratio in the elastic structure is given. The law of
energy dissipation effect is verified by using free vibration attenuation method and time history
analysis method respectively. In the end, some reasonable suggestions on the selection of
damper parameters are given.
Through analysis and research, the study arrived at the following conclusions:
1) For the rectangle component of butterfly-shaped hysteretic damper, the additional damping
ratio increases first and then decreases with the increase of structural deformation.
2) For the double-triangle component of butterfly-shaped hysteretic damper, the additional
damping ratio is independent of structural deformation.
3) The additional damping ratio of the damper can be improved by increasing the rectangle
component. However the damping effect related to the structure deformation and it is poor,
when the structure deformation is large.
4) The additional damping ratio of the damper can be improved by increasing the double-triangle
component. However, the maximum damping force increases significantly with the increase of
structural deformation, enough attention should be paid to the design of damper connection.
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ABSTRACT

The variable friction damper with butterfly-shaped hysteretic curve, after sliding, the
damping force would increase with the deformation, hysteretic curve like a butterfly with large
ends and small middle. As this kind of variable friction damper does not need a large sliding force,
when the damper in the initial state (accounting for the majority of its expected service life),
there is no need of large pre-tightening force, thus avoiding the relaxation creep problem of the
pre-tightening system. In this paper, several typical variable friction dampers with
butterfly-shaped hysteretic curves are introduced, and illustrated the simulation methods of this
kind of dampers. Then the theoretical method of its additional damping ratio is given and the
energy dissipation effect of variable friction dampers with different parameters is investigated in
practical project. By the contrast analysis, the influence of the parameters of the butterfly-shaped
hysteretic curve variable friction damper on its energy dissipation effect is studied. Finally, the
points needing attention in structural design of variable friction damper are given.

Key Words: butterfly-shaped hysteretic curve; hysteretic curve; variable friction damper;
energy dissipation; passive vibration control; Additional damping ratio

1. INTRODUCTION

Friction dampers own plump hysteretic loops and were widely used in engineering. Traditional
friction damper owned single sliding force. After sliding, the damping force is constant and does
not change with the deformation; the shape of hysteretic curve is rectangular. Although the
rectangular hysteretic loop looks full, as the deformation increases, the hysteretic curve becomes
long and narrow and the energy dissipation effect is weakened.
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Traditional friction dampers use preloaded bolt or interference

assemble method to provide long-standing constant normal 200

pressure, so the components of the damper would bear SQK

Long-term tension/compression stress in the damper’s life cycle,

which would inevitably lead to relaxation and creep issue, and 24 1l M/J'\ B 2
would make extremely unfavorable impact to the energy

.
dissipation stability of the friction damper. In order to solve the

above problems, research and development of low-preload | Figure 1 Butterfly-shaped
deformation-related variable friction damper, has already | hysteretic curve

become present research focus. Variable friction damper with butterfly-shaped hysteretic curve
(As shown in Figure 1), is a typical low-preload variable friction damper associated with
deformation. Its damping force increases with the deformation, and its hysteretic loop is fuller
than traditional single-slide-force friction damper (Under the same initial slip force, the area of
the hysteretic loop is larger).It indicate that, the energy-dissipating capacity of variable friction
damper is high.

In this paper, firstly, several typical variable friction dampers with butterfly-shaped hysteretic
curves and its engineering simulation methods would be briefly introduced. Then the influence of
the damper’s main parameters of the variable friction damper on the damping effect is
investigated. In the end, based on the engineering practice and the damper design, some
reasonable suggestions on the parameter value of variable friction damper with butterfly

hysteretic curve in structural design are given.

2. CHARACTERISTICS OF TYPICAL BUTTERFLY-SHAPED HYSTERETIC

FRICTION DAMPER MECHANISM

“Sleeve-type variable friction damper" (shown in Figure 2) developed by Lingyun Peng et al.,
Beijing university of technology, own butterfly-shaped hysteretic, consisted by a sleeve and a
friction ring which is mounted inside and can be moved back and forth, The purpose of variable
friction is achieved by changing the inner diameter of the sleeve or setting preps cracks in sleeve
properlym ! The "new variable friction damper" developed by Hua Li from Shanghai institute of
materials technology can also generate butterfly hysteretic curves by setting friction materials
with different friction coefficients on the friction surface of the piston and sleeve mechanism (as
shown in Figure 3) assembled in interference.

R
G, rrae—— _1.6@
L0

1. Sleeve 2.Friction ring 3. Piston and =

piston rod 4.preps crack in sleeve Figure 3. Interference assemble type variable

Figure 2. Sleeve-type variable friction damper friction damper

"Spring-slope" variable friction damperm is developed by the author (shown in Figure 4), the
damper takes “Slotted Bolted Connections” as the basic prototype mechanism, and Additional
sets "V" slope and disc-spring-bolt set. However, When the v-shaped slope occurs dislocation,
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slope panel will appear intermittently "empty" phenomenon, under the action of normal
pressure, the slope panel will be bent, part of the spring compression deformation will be offset,
Therefore, the rising section of hysteretic curve obtained by the test is a parabola rather than a
theoretical line (shown in Figure 5). In order to overcome this defect, author developed "U-T
slope type variable friction damper". U-T slope mechanism consisted by U-slope plate and
T-slope plate, when sliding occurs with each other, no matter the direction of sliding, the
thickness of the mechanism would increase, and the slope panels are always in continuous
contact(shown in Figure 6). This feature of U-T slope mechanism, void the effect of additional
bending moment on the slope panel in the process of changing friction. The hysteretic curve of
loading/unloading sections are ideal linear, and the whole hysteretic curve is butterfly-shaped.

As the damping force of butterfly-shaped hysteresis damper increases with its deformation, high
initial slip force is redundant, the high preload is unnecessary. In this way, the relaxation creep
problem will be eliminated.
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Figure 5. Spring-Slope variable friction damper’s

hysteretic curve Figure 6. U-T slope mechanism
3. SIMULATION METHOD

The main parameters of the variable friction damper with butterfly hysteretic curve are as
follows:

The sliding force  (F,) : Initial slip force of the damper

Loading /unloading stiffness (k, ) : Variation of damping force after slipping divided by Variation of
Deformation

Loading -unloading switch stiffness (ko) : Stiffness between loading and unloading stage

In particular, during the loading stages (uwt >0 ) , A Fy/Au>0, stiffness is positive; during the
unloading stages (w1t < 0) ,A Fg/Au<0, stiffness is negative, however the stiffness absolute
values of loading and unloading stage are equal. In this paper, ki=| A Fs/Aul, for the convenience
of expression.

Butterfly-shaped hysteretic Damper’s force-deformation relationship is:
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