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A U-shaped damper typically has a stable and saturated hysteretic performance along the in-plane direc-
tion and is usually installed in the isolation layer. However experimental study shows that the conven-
tional U-shaped damper presents an unstable hysteretic performance when it sustains bi-directional
deformations. Therefore, shape optimization is needed to improve the hysteretic performance of the
U-shaped damper. To obtain an optimal shape for the U-shaped damper, a finite element (FE) model
was built using a general FE analysis software called ABAQUS. Comparisons of results obtained from
FE models with those obtained from experimental studies demonstrated the effectiveness of the FE
models. Optimization of a U-shaped damper was carried out using the FE model. The length and shape
of the straight part of the U-shaped damper were treated as optimization parameters and the enlarging
the end of the straight part was adopted as the improved approach. The formula for the ratio of the
energy dissipated by rate-independent and rate-dependent plastic deformation (ALLPD) to the maximum
cumulative equivalent plastic strain (PEEQ) was derived though regression analysis. After four levels of
optimization processes the optimal shape of the improved U-shaped damper was obtained, and the
bi-directional performance was significantly improved compared to that of a conventional U-shaped

damper.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In seismic design the hysteresis damper has stable performance
and good economy and is widely used in the seismic design of
buildings and bridges [1-7]. Among these hysteretic dampers,
the U-shaped damper shown in Fig. 1 has a stable restoring force
and an extremely large deformation capacity. U-shaped dampers
are often installed together with isolation bearings in building
and bridge engineering [8].

Shaking table tests and time history analyses showed that a
U-shaped damper can dissipate a consistent amount of energy
and protect isolated structures from significant damage during
earthquakes [9,10]. Isolation bearings in a building structure may
sustain bi-directional deformation and this requires a damper to
be installed in the isolation layer giving a stable performance when
sustaining bi-directional deformation.

Many improved configurations of U-shaped dampers have been
proposed. Kato and Kim proposed a complex mechanism to release
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the out-of-plane deformation of a U-shaped damper [11]. The
parametric analysis of the damper was conducted with finite
element analysis. The formula for the restoring force of the
U-shaped damper was derived. Deng et al. developed a crawler
damper for a bridge by adding two connecting plates to the
U-shaped damper to control the deformation pattern of the energy
dissipation plate [12]. A physical test and finite element analysis
proved the effectiveness of the constraint from the connecting
plate and a quantitative design method was established. A UH
damper installed in the isolation layer was proposed based on a
conventional U-shaped damper [13]. The results from the shaking
table test proved the UH damper could protect the superstructure
from significant damage during earthquakes. Other improved
dampers based on the conventional U-shaped dampers have also
been proposed in recent years [14-16]. As mentioned above, the
bi-directional performance of the U-shaped damper needs to be
extensively investigated when it is provided in the isolation layer.
However, in existing studies the bi-directional performance of
U-shaped damper under large amplitude cyclic loading has not
been investigated.

However, with the development of computer technology and
numerical analysis methods, the behavior of the structure can be
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Fig. 1. U-shaped damper.
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simulated using sophisticated finite element models [17,18], and
optimized using advanced optimization techniques, e.g., genetic
algorithms, simulated annealing algorithms and multi-level multi-
disciplinary methods [19-22].

This study focused on the optimization of the bi-directional
performance of a U-shaped damper. An experimental study was
first carried out demonstrating the unstable bi-directional
hysteretic performance of a conventional U-shaped damper. The
concentration of the plastic strain leads to poor low cycle fatigue
performance of the U-shaped damper under bi-directional loading.
In order to optimize the response of U-shaped dampers under
bi-directional loadings the geometry of the straight part of the
damper has been changed by varying its width. To obtain the
optimal shape parameters, a finite element method (FEM) was
adopted as the optimization approach. The comparisons between
the FEM simulation and test results demonstrated the effectiveness
of the FEM. Finally, the shape optimization process was conducted
and the length and width of the straight part of the U-shaped dam-
per were adopted as the optimization parameters. The object of the
optimization process was to maximize the energy dissipation
capacity and minimize the equivalent plastic strain. After four
optimization processes the optimal design parameters of the
improved U-shaped damper were derived.

2. Estimation of strength

The U-shaped damper, which consists of two straight parts and
one half-circle part, is shown in Fig. 2(a). The damper has four
important shape parameters, the height (H), thickness (t) and
width (w) of the U-shaped plate as well as the length of the straight
part (1) of the damper. The radius of the half-circle part R is equal to
(H —t)/2. The bi-directional behavior can be decomposed into
two independent directions, i.e. the in-plane and out-of-plane.
The in-plane deformation pattern of the U-shaped damper is
shown in Fig. 2(b), and the in-plane strength F;, can be estimated
as Eq. (1). Where, f, is the ultimate strength of steel [12].

2w
Fi :fuﬁ (1)

Fig. 2(c) presents the out-of-plane deformation pattern of the
U-shaped damper. The out-of-plane strength F,,: can be estimated
as Eq. (2). Where, Q is the torsion resistance coefficient of the
cross-section, and Do is the out-of-plane deformation.

f. (th 12+ Q/\/§)
Fout = (2)
(I+R)\/4 — D?,./(1+R)?

The strength of the U-shaped damper along the direction of «
angle (Fig. 3(a)) can be estimated as Eq. (3).

F = Fy, cos o + Foye Sin (3)

3. Experimental study
3.1. Experimental plan

There were four specimens made of low yield point steel
(LYP225) in the experiment study, as shown in Table 1. S1 was
the standard specimen. S2’s plate had a changed width at
20 mm. S3 and S4 had straight parts of 100 mm and 300 mm,
respectively. The loading setup is shown in Fig. 3(b). The installa-
tion angle of the specimens is 45°. The ends of straight part are
fixed on the loading frame through high-strength bolts, which
can be taken as the fixed constraint. According to the current
Chinese engineering practice, the maximum deformation demand
of the damper is commonly between 200 mm and 300 mm, and
the damper is required to sustain 30 cycles of loading for the maxi-
mum deformation demand. All the specimens were first loaded to
an amplitude of 50 mm over two cycles, an amplitude of 100 mm
over two cycles, an amplitude of 200 mm over thirty cycles, and
finally an amplitude of 300 mm with multiple cycles until failure
occurred. The loading scheme is shown in Fig. 4(a). The restoring
force and shear deformation were measured by the load cell of
the actuator and an external displacement transducer respectively,
shown in Fig. 4(b).

3.2. Experimental results

Fig. 5 shows the hysteresis curves of the four specimens. The
maximum restoring force for the 1st cycle of loading with
the amplitude of 100 mm is adopted to validate the accuracy of
the strength estimation. According to coupon test, the yield
strength and ultimate strength of the steel are 202 MPa and
301 MPa, respectively. Table 2 presents the comparison between
the analytical estimation and test results. It can be observed that
Eq. (3) overestimates the restoring force for all the specimens,
especially for S3 and S4. This is mainly because that Eq. (3)
assumes a completely yield of the cross-sections, whereas the
cross-sections are only partially yield and do not reach their
ultimate strength in the physical tests. In addition, because of

1+D,

. / o w

Plastic
hinges

in

[co——T11

(a) Shape parameters

(b) In-plane deformation

hinges

(c) Out-of-plane deformation

Fig. 2. Parameters and deformation pattern of U-shaped damper.
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Table 1
Details of specimens.
No. t/mm b/mm [/mm H/mm Remarks
S1 30 30 200 300 Standard
S2 30 20 200 300 Smaller width
S3 30 30 100 300 Shorter straight part
S4 30 30 300 300 Longer straight part

the short straight part, the half-circle part of S3 sustains an obvious
tensile deformation as shown in Fig. 6(a). The tensile deformation
is not consisted with the assumed out-of-plane deformation,
resulting a large error in strength estimation.

As the loading progressed, residual deformation appeared in the
straight part of S1. The half-circle part of the damper turned in an
orthogonal direction to the loading direction. After six cycles of
loading at an amplitude of 200 mm there was no further increase
in the residual deformation. The ultimate deformation mode of
S1 is shown in Fig. 6(b). The damper presented a strong geometric
nonlinearity while sustaining the bi-directional loading. Because of
the geometric nonlinearity the restoring force of S1 was not stable.
As shown in Fig. 5 the hysteresis curve of S1, S2 and S4 clearly
decreased in the first six cycles of loading at an amplitude of
200 mm. Compared to the other specimen, S3 has a much shorter
straight part. The half-circle part of S3 sustained significant tensile
deformation when it was loaded to 200 mm. Therefore, S3 experi-
enced less early strength degradation but failed relatively early.
The failure modes of S3 and S1 are presented in Fig. 6(c) and (d),
respectively. For the four specimens, the end of the straight part
cracked finally. Large plastic strain was concentrated at the end
of the straight part, leading to low cycle fatigue damage. Table 2
compares the fatigue performances of the same specimens in bi-
directional tests with those obtained in out-of-plane unidirectional
tests. The low cycle fatigue performances of the U-shaped damper
for the bi-directional deformation is much worse than those for the
out-of-plane unidirectional deformation.

4. Finite element model

For further study finite element analyses were conducted. The
numerical model of the U-shaped damper is shown in Fig. 7, and
was built using ABAQUS, a general FE software package. ABAQUS
provides a constitutive model to describe the behavior of metal
material under cyclic loading [23]. The kinematic hardening stress
was calculated using Eq. (4). The relationship of the kinematic

®
|
470

Bi-direction
deformation

1550

Loading direction

hardening stress to equivalent plastic strain (PEEQ) in this study
is shown in Fig. 8. In ABAQUS, PEEQ is calculated as Eq. (5). The
Von Mises yield criterion is employed and & is the plastic strain
tensor rate. In this paper three backstresses are used to present
the hardening effects of the steel material with large plastic strain.
The parameters in the steel material constitutive model are shown
in Fig. 8. Note that the material constitutive model could not
simulate the failure of the steel material. The U-shaped plate was
simulated with an 8-node, reducing integration with an hourglass,
controlled linear brick element (C3D8R).

1= k(1 e )

k=1 7k

t
Pl — /0 3o ildr (5)

The loading scheme in FE analyses was similar to that in the
physical test. It was found that residual deformation of the
specimens did not increase, and the hysteresis curve became con-
verged after 6 cycles of loading over 200 mm amplitude. The model
was first loaded to an amplitude of 50 mm over two cycles, then to
an amplitude of 100 mm over two cycles, then to an amplitude of
200 mm over six cycles, and finally to an amplitude of 300 mm over
two cycles. For S3, since it was not loaded with the amplitude of
300 mm in the physical test, the simulation was also interrupted
after 6 cycles of loading over the amplitude of 200 mm.

The hysteresis curves obtained from the finite element analyses
are compared with those obtained from the test results in Fig. 9. The
simulation well reproduces the degradation of the restoring force.
The ALLPD, which represents the energy dissipated plastic deforma-
tion, in ABAQUS is calculated as Eq. (6). Where, ¢ is the stress
tensor. The ALLPDs obtained in the numerical simulation and
physical test are presented in Table 3. It can be observed that the
error between the simulation and test results was no more than
10% for ALLPD, demonstrating the effectiveness of the numerical
model.

t
ALLPD — / / o Pdtdy 6)
v Jo

According to previous research the low cycle fatigue perfor-
mance had the relationship with the largest plastic strain as shown
inEq.(7)[24-26]. Num is the number of cycles corresponding to the
largest plastic strain (&) per cycle. Based on previous research the
coefficient g for LYP225 steel usually equals about —0.6 [27,28].
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Fig. 3. Deformation direction and loading setup.
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Fig. 4. Loading scheme and measurement.
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Fig. 5. Hysteresis curves

Table 2
Experiment results.
No. Eq. Test Relative  Bi-direction Out-of plane
(6) (kN)  error (%) test failure unidirectional test
(kN) cycle failure cycle
S1 1692 1340 26.29 3th of 300 mm  36th of 300 mm
S2 1011 7.40 36.66 4th of 300 mm  48th of 300 mm
S3 20.13 13.10 53.67 18th of 2nd of 300 mm
200 mm
S4 1544 1120 37.82 15th of 40th of 300 mm
300 mm

Table 3 also compares the maximum PEEQ of the four finite ele-
ment model under bi-directional and out-of-plane unidirectional
deformation. It is found that the maximum PEEQ of the U-shaped
damper under bi-directional deformation is 1.09-1.67 times of that

Resoring force (kN)

-8
-400 -300 -200 -100 O 100 200 300

Displacement (mm)
(b) S2

[ I R I B B

Resoring force (kN)

oo =
A R IR A R

-1
-400 -300 -200 -100 0 100 200 300
Displacement (mm)
(d) S4

of all the specimens.

under out-of-plane unidirectional deformation. In addition, com-
bining the fatigue performance shown in Table 2, the results
suggest that the maximum PEEQ is negatively proportional to the
low cycle fatigue performance. Because the PEEQ was proportional
to the largest plastic strain (&) per cycle for the load scheme given in
the “Finite element model” section, the maximum PEEQ were
used in this study, meaning that the low cycle performance was
proportional to PEEQ_%¢

max *

Num = g’ (7)

As shown in Fig. 10 the distribution of PEEQ for S1 concentrates
on the end of straight part which leads to the unstable restoring
force. The optimal design was to decrease the maximum PEEQ
while not reducing the ALLPD significantly. So maximizing the
ALLPD/PEEQ?T'SX, indicating the total energy dissipation capacity,
was the objective of the optimization process.
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(c) Fatigue failure of S3

(d) Fatigue failure of S1

Fig. 6. Deformation and failure mode of the specimens.

Fig. 7. Finite element model of U-shaped damper.
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Fig. 8. Constitutive model for mental material.

5. Shape optimization
5.1. Optimization principle

According to the experimental study the end of the straight part
should be strengthened to avoid the concentration of plastic
strain and unrecoverable deformation of the U-shaped damper.
In this study the optimization approaches proposed are shown in
Fig. 11. To strengthen the U-shaped damper the end of the straight
part in which b, represents its width, was enlarged. In the follow-
ing optimization process the length of the straight part (I), and by,
were adopted as the design parameters. The ALLPD and maximum
PEEQ are the functions of [ and b, under the determined loading
scheme. The objective function of the optimization process is
shown as Eq. (8).

{ Design variables [, b, 8)

Maximize ALLPD/PEEQ°®

max

5.2. Optimization method

Because of the strong nonlinearity presented by the damper the
analytical solution for the response was difficult to derive. The
response surface method was adopted in this situation. The flow-
chart for the optimization process is shown in Fig. 12. Primary
design parameters were determined first as shown in Table 4.
The finite element (FE) analyses were also conducted using
ABAQUS. In the analyses, the material constitutive model, and ele-
ment type and size are the same with those adopted in Section 4,
whose effectiveness has been validated. According to the results
of the finite element analyses the response surfaces of ALLPD and
maximum PEEQ were derived. The quadratic Pascal triangle poly-
nomial as shown in Eq. (9) was used as the regression equation,
where Z is the response, and x and y the variables. a;; are the coeffi-
cients to be determined. In this case the response was

ALLPD/PEEQ®® | and the design variables were I and b,.

max’

Z=Y aw'y (9)

0<ij<2
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Table 3
Finite element analysis results.
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Fig. 9. Comparisons between FEM to physical test.

No.

ALLPD (kN m)

PEEQ max

FEM Test Error

(%)

Bi-
directional

Out-of-plane Ratio
unidirectional

S1
S2
S3
S4

52.88 49.94 5.89
2581 2472 441
68.11 65.14 4.56
40.78 37.47 8.83

3.233
2.738
2.199
2.174

2.174
1.638
2.004
1.680

1.487
1.672
1.097
1.294

PEEQ
: 759%)

(Avg

+3.233e+00
+2.968e+00
+2.702e+00
+2.436e+00
+2.171e+00
+1.905e+00
+1.639e+4+00
+1.373e+00
+1.108e+00
+8.419e-01
+5.762e-01
+3.105e-01
+4.481e-02

Fig. 10. PEEQ distribution of S1.

b1
N 4
R
/ Linear straight part
»y

Fig. 11. Optimization approaches.

6. Optimization process

The parameters for the first-optimization level are shown in
Table 4 and there were 15 models in the first level process. A wide
range was assumed as the primary design space. [ varied from
200 mm to 400 mm with an interval of 50 mm. b, varied from
40 mm to 60 mm with an interval of 10 mm. The finite element
analyses were performed using ABAQUS. The loading scheme was
the same as described in the section on the “Finite element model”.
Fig. 13(a) presents the results of the FE analyses. It can be seen that
when b, equals 50 mm the total energy dissipation capacity of the
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Fig. 12. Flowchart of optimization process.

Table 4

Models in optimization process.
b, (mm) [ (mm) Total model
40, 50, 60 200, 250, 300, 350, 400 15

U-shaped damper does not vary significantly with the length of the
straight part. When b, equaled 40 mm or 60 mm the total energy
dissipation capacity increased with the length of the straight part
and was obviously smaller than for the damper with b, equal to

50 mm. The max ALLPD/PEEQYS was 87.304 kN m. The results
for the regression analysis of the 15 models were obtained using
MATLAB [29]. The least squares method was used in the regression

analysis. The regression equation is as follows:

ALLPD/PEEQS, = —486.7 + 247.9x + 653.3y + 29.1x°
—190.2y* — 266.7xy — 41.08x%y
+79.66xy* + 10.01x%y? (10)

The R-square of the regression analysis was 0.9892, which
indicated a large proportion of variance was accounted for by the
equation [29]. The maximum residual error was no more than
1.097 KN m, showing the credibility of Eq. (10). The response

-=+<@==+ ALLPD
- -=- - PEEQ
4 1| —@—ALLPD/PEEQ®S [T ;

Ratio

Optimization level

Fig. 14. Ratios for ALLPD, PEEQ and ALLPD/PEEQ"®.

surface for the first optimization level is shown in Fig. 13(b). The
optimal design parameters were 312 mm and 51 mm for [ and b,
respectively.

Based on the results of the first-level optimization process the
design space for the second-level optimization process was deter-
mined. | varied from 290 mm to 330 mm with an interval of
10 mm. b, varied from 46 mm to 56 mm with an interval of
5 mm. Finite element analyses were conducted in ABAQUS. The

maximum ALLPD/PEEQ?S, was 89.77 kN m. The response surface
was obtained based on the results of the second-level optimization
process. The optimal parameters of second-level optimization
were finally derived. The same processes were completed for the
third-level and forth-level optimization processes. Table 5 shows
the data for each-level optimization process.

The maximum ALLPD/PEEQ®S for the third-level and the
fourth-level optimization processes were very close. The optimal
values of | and b, converged to 255 mm and 45 mm respectively.
Further optimization processes were not necessary. S1 was the

original specimen. The normalized ALLPD, maximum PEEQ and

_. 9
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©
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o 60 a
[m)] -
-
% 50 < ol
z 400
40
200 250 300 350 400 / (mm) 200
LC (mm) 30 b, (mm)
(a) Results of the FEM analysis (b) Response surface
Fig. 13. Response surface for first-level optimization.
Table 5
Data of each level optimization.
Opt. level [ (mm) be (mm) Max ALLPD/PEEQYS, Opt. I, bc
1 200, 250, 300, 350, 400 40, 50, 60 86.76 312,51
2 290, 310, 330 46, 51, 56 89.77 270, 45
3 260, 270, 280 42, 45, 48 90.69 261, 45.8
4 250, 255, 260 44, 45, 46 90.84 255, 46.6
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Fig. 15. Comparison on PEEQ distribution.
of the U-shaped damper and alleviate the concentration of the
20 | T T T T plastic strain for bi-directional deformation. The behavior of the
s ; ; ; ; ; conventional U-shaped damper for unidirectional deformation is
quite stable. The optimal U-shaped damper is overall similar to
= 10 the conventional U-shaped damper, thus it is expected to have
3 stable behavior under unidirectional deformation.
3 5
2 0
£ 7. Conclusions
S 5
2]
£ -10 This study focused on the bi-directional performance of a U-
shaped damper. The experimental study was first carried out on
-15 ‘ = : ‘ : four specimens. The results for the physical test show that the
2 | | | | | strong geometric nonlinearity of the U-shaped damper under

-300 -200 -100 0 100 200 300
Displacement (mm)

Fig. 16. Hysteresis curve of optimally design specimen.

ALLPD/PEEQ®S of the optimal specimen of each level are shown
in Fig. 14. After the optimization process the ALLPD increases
to 90.572 kN m which is about 171% of S1. The maximum

PEEQ decreased to 0.995 which was 30.7% of the value of S1.
The ALLPD/PEEQ®S of the optimized U-shaped damper was

max
90.84 kN m. The plastic strain distribution for the optimized
damper is shown in Fig. 15. The PEEQ of the U-shaped damper dis-
tributed evenly along the straight part and the residual deforma-
tion was obviously smaller than that of S1. The decrease of the
residual deformation is due to the uniform distribution of the
equivalent plastic strain. The PEEQ at the end of the straight part
reduced to about 0.4. The hysteresis curve for the optimal design
specimen is shown in Fig. 16. There is no obvious decrease in the
restoring force within the first six cycles of loading at an amplitude
of 200 mm. Overall, the superior performance of the optimal design
is mainly due to reduction of concentration of the plastic strain.
The bi-directional performance of the U-shaped damper was
significantly improved. It should be noticed that the optimal shape
of the U-shaped damper for bi-directional deformation is not
necessarily the optimal shape for other load conditions. The objec-
tive of the shape optimization is to control the strong nonlinearity

bi-directional loading led to a concentration of the plastic strain.
A sophisticated finite element model was built in ABAQUS, and
could simulate the mechanical behaviors of the specimens. Shape
optimization of U-shaped damper was conducted in ABAQUS. The
response surface method and regression analysis were used to
obtain the optimal design parameters. Within the four level
optimization process the optimal shape parameters were derived.
The main conclusions obtained in the study are as follows:

(1) The conventional U-shaped damper presented a strong geo-
metric nonlinearity under bi-directional loading, leading to
the concentration of the plastic strain. The low cycle perfor-
mance of the U-shaped damper under bi-directional load-
ing was not as good as that under unique directional
loading. The maximum PEEQ of the U-shaped damper under
bi-directional deformation is 1.09-1.67 times of that under
out-of-plane unidirectional deformation.

(2) A finite element model considering the kinematic hardening
was built in ABAQUS. The comparisons between the results
obtained from the finite element analyses with those from
the physical tests demonstrated the effectiveness of the FE
model of the U-shaped damper.

(3) The response surface method and regression analysis were
used in the shape optimization process. Optimal design
parameters were derived after the fourth optimization level.
The results for the optimally designed U-shaped damper
shows significant improvement compared to the conven-
tional U-shaped damper.
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