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Abstract

In seismic design of building frames, dampers are designed to absorb an earthquake's energy. It is known that conventional steel ten-
sion braces have disadvantages; pinching or deterioration of stiffness and strength under cyclic loading. A new type of elasto-plastic
damper can potentially avoid such disadvantages at a relatively low cost. Main characteristics of the damper are twofold: i) hardening
effect caused by geometric nonlinearity, and ii) asymmetric hysteretic restoring force in tensile and compressive loading conditions. The
objectives of the study is to present a constitutive model and identification of the corresponding parameters. We point out that the process
of parameter identification of the model is formulated as a non-smooth optimization problem and derivative-free optimization methods
are suited for the problem. Through numerical examples, we investigate the seismic response reduction property of the damper. The re-
sults demonstrate the effectiveness of the optimization approach.
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1. Introduction

Passive dampers such as buckling restrained brace, tuned
mass/liquid damper and MR damper are used for seismic de-
sign of building frames to absorb the energy during earth-
quake excitation [1-3]. It is known that conventional steel ten-
sion braces have disadvantages such as pinching or deteriora-
tion of stiffness and strength under cyclic loading. Co-authors
proposed a new type of elasto-plastic damper [4,5]. The
dampers are placed in the inter-story as shown in Fig. 1, and it
can potentially avoid such pinching or deterioration at a rela- Ny
tively low cost. Main characteristics of the damper are two- e
fold: i) hardening effect caused by geometric nonlinearity, and
i) asymmetric hysteretic restoring force in tensile and com-
pressive loading conditions. This paper about the damper is

Fig. 1. Proposed damper placed in a building

divided into three parts. stability postulate; however, their implementation and/or ex-
First, we present a constitutive model and identification of  {ansions are not so trivial [6]. Another choice is a plasticity
the corresponding parameters. In particular, we adopt smooth  hased model, which can avoid such difficulties. We propose
hysteresis model. Algebraic nonlinear models such as the 54 extension of a plasticity based model by Ozdemir [7].
Ramberg-Osgood model, the Menegotto-Pinto model, etc., Second, we use a heuristic optimization approach to param-
exhibit smooth virgin curves and do not violate Drucker’s eter identification of the proposed model. Several studies have
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attempted heuristic optimization approaches for parameter
identification of constitutive models for various materials [8-
10]. We will discuss different type of damper, material, and
numerical method; however, it can be said that this study is
also classified in the similar category of the studies.

Finally, we investigate the performance of seismic response
reduction by using the identified numerical model. This ena-
bles us to show the effectiveness of placing the damper and
the heuristic optimization approach.

2. Experimental test setup and results

Co-authors conducted quasi-static loading tests of the pro-
posed damper [4,5]. We summarize the test setup and the ex-
perimental results. The damper consists of two curved plates
of spring steel, and an S-shaped and four C-shaped plates of
low-yield-point (LYP) steel as shown in Fig. 2. The spring
steel has high-strength compared with the most common steel
grades used for building construction. On the other hand, the
LYP exhibits lower yield point than the common steel grades,
and has excellent elongation and low cycle fatigue characteris-
tics. The material test results are listed in Table 1. The work-
ing mechanism of the damper is illustrated in Fig.3. The
damper works even in relatively large deformation because
the spring steel remains in elastic state under such large de-
formation and the LYP steel also shows stable loop, which
means effective hysteresis damping. As seen in Fig.3, the
damper has asymmetric hysteretic restoring force in tensile
and compressive loading conditions due to geometric nonline-
arity. Note that the spring steel retains elasticity, so that it be-
haves like a nonlinear elastic material.

Co-authors performed quasi-static cyclic tests on the system.

Figure 4 illustrates the detail of the specimen. The plates of
spring steel (width = 80mm, thickness = 10mm) are curved
with 870mm radius of curvature, and are connected with fric-
tion joints which is tightened by high-tension bolts (diameter
= 22mm). The S-shaped plates of LYP (width = 80mm, thick-
ness = 6mm), the large and the small ones are curved with
59.5mm, 131mm and 53.5mm radii of curvature, respectively.
They are connected by normal bolts (diameter = 14mm).

The specimens were operated in displacement control to
apply quasi-static, reversed cyclic loading with incremental
displacement amplitudes. The displacement amplitudes are
given by 7, 14, 21, 28 and 35mm, which correspond to inter-
story drift angles of 1/300, 1/150, 1/100, 1/75 and 1/60 radian
when the dampers are used as diagonal bracing at 45-degree
angles for story height of 3m. Figure 5 shows the relationship
between force and elongation obtained from the experiment.

Table 1. Material test results.

Spring steel Low-yield point steel
Grade SUP9A LY100

Thickness (mm) 10 6

Yield Strength (MPa) 1,240 111
Ultimate Tensile

1,334 292
Sttength (MPa)

Percentage elongation 9 49
after fracture (%)

Spring steel

/

%A

Low-yield-point steel

Fig. 2. Components of the proposed damper
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Fig. 3. Working mechanism of the damper
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Fig. 4. Detail of the specimen
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Fig. 5. Result of cycle test: force and elongation relation

3. Identification of hysteresis model

In the fields of mechanical engineering, various constitutive
models have been developed [6-12]. The material models can
be broadly classified into two types, polygonal hysteresis
model and smooth hysteresis model. We adopt smooth hyste-
resis model, which refers to models with continuous change of
stiffness due to yielding but sharp change due to unloading
behavior. Such models are typically characterized by control
parameters. It is also pointed out that parameter identification
from observed experimental testing is one of the promising
fields of application of optimization methods [10]. We present
a new constitutive model for the damper and determine corre-
sponding parameters by a heuristic optimization approach.

3.1. Ozdemir model

We summarize the basic Ozdemir model [7] with slightly
different notation from the original one but the essentials are
the same. Constitutive equation and evolutionary rule of the
inelastic strain in uniaxial loading are respectively given by

G=E(E-£,), )
én=é]-son(£)-I¢]". @

where o is the uniaxial stress; ¢ is the uniaxial strain; &,
is the nonlinear inelastic component; E is the elastic modu-
lus; & is the normalized relative stress; n is a constant
controlling the sharpness of transition from elastic to plastic
states; (') denotes ordinary time derivative; and sgn(-) is
the sign function defined as

+1 (£>0)
sgn($)=410 (£=0). (€))
-1 (£<0)

Assuming kinematic hardening, normalized relative stress &
and evolutionary equation of the backstress B are respec-
tively defined as

S=(c=-p)IY, 4)
B:aEéin ! (5)

where Y s the yield stress; and « is a constant controlling
the slope of the o —¢ curve. From Egs. (1)-(5), it can be
seen that the stress-strain behavior is rate-independent.

3.2. Proposed hysteresis model

The proposed damper has two main characteristics: i) hard-
ening effect caused by geometric nonlinearity, and ii) asym-
metric hysteretic restoring force in tensile and compressive
loading conditions. To express such behaviors, we propose an
extension of Ozdemir's form. We divide the restoring force
into two terms:

F,=F2+F!, (6)

where F,, F2 and Fj' represent the restoring force of
the damper, the corresponding asymmetrical force and the
corresponding geometric hardening force, respectively.

In the same way as Eqgs. (1) and (2), constitutive equation
and evolutionary rule of the inelastic component correspond-
ing to asymmetrical force are respectively given by

'iDA:Kg(d_din): )
d,, =[d|-san(&)-¢", ®

where FJ' is the uniaxial force; d is the uniaxial elonga-
tion; K, is the corresponding elastic stiffness; and d,, is
the inelastic component. Normalized relative force &, evolu-
tionary equation of the backforce g, the sharpness parameter
n are respectively given by

=Ry =p)IY, ©)

ﬂ:%{(Y*+ﬁ*)+(Y’+ﬁ’)}, (10)
* (d=0

n= " <.> ), (11)
n- <d<0)

with

B =aKid,,, (12)

B =aKid,, 13)

Y=%{(Y*+,B*)—(Y’+,B’)}, (14)

where kinematic hardening and axial yield forces are assumed
differently in tensile and compressive loading conditions;
()" and ()~ correspond to parameters in tensile and com-
pressive loading conditions, respectively; Y© are the axial
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yield forces; B are the backforces; n® are the sharpness
parameters; and «® are the slope parameters.
The corresponding geometric hardening force is given by

H

F :KTD{exp(nd)—l}, (15)

where K is the corresponding elastic stiffness and 7 is
the scaling (constant) factor of hardening. Obviously the fol-
lowing relation holds:

Fel =K exp(nd)d. (16)

3.3. Identification of parameters

For use of the hysteresis model in subsection 3.2, we need a
set of parameters:

02{K31Y+1Y71a+1a71n+1n7’KI;"U}’ (17)

which is to be identified form the experimental test results in
section 2. Let F,(t) and F,(t;@), respectively, denote the
restoring force at time t, of the i th step of the experimental
quasi-static loading test in section 2 and the force by the hyste-
resis model in subsection 3.2 depending on parameter set 4.
Then we can formulate parameter identification problem as an
optimization problem:

Find 0
that minimizes  f (0) = Z(FD (t;0)-F, (ti))2

(18)

The objective function f(8) corresponds to sum of squared
errors, which is non-continuously differentiable function be-
cause some functions in Egs. (7)-(14) are non-continuously
differentiable. Hence, solving problem (18) is classified into
non-smooth optimization. We attempt to use a heuristic ap-
proach based on derivative-free optimization. In particular, we
use directional direct search method (DSM), which is known
as an effective robust non-smooth optimization method [13-
15]. Each iteration of the DSM is organized around a search
step and a poll step. The search step is optional and we can
skip it. On the contrary, the poll step assures global conver-
gence even for non-smooth optimization. The basic algorithm
of DSM is stated in Algorithm 1.

The global convergence of Algorithm 1 depends on the be-
havior of the step size parameter A, , which must approach
zero; A, >0 as k —oo. It is known that imposing a forc-
ing function makes it possible to satisfy this condition. For
example, the function is given by

p(A) =10 max{L| f (6,)]} A7 . (19)

The total set of search directions can be given by D=0"
for simplicity, where m is the dimension of the design vari-
able space. For further details, see Refs. [13-15].

Algorithm 1. Basic directional direct search method (DSM)

Initialization

Choose 6, A, =2A,>0,0<f <1< 5,.

Let D be a (possibly infinite) total set of search di-

rections.

For k=0,1,2,---

Search step: Try to compute a point with  f (6) <

f(6,)—p(A,) by evaluating the function f ata
finite number of points. If such a point is found then
set 6,,, < 6, declare the iteration and the search
step successful, and skip the poll step.

Poll step: Choose a set of search directions D, < D .
Start evaluating f atpoints P, ={6, +A.d|
deD,}. Ifapoll point 6, +A,d, isfound such
that f(0)< f(6,)—p(a,0d,[) then stop polling,
set 6., < 6, +Ad, , and declare the iteration and
the poll step successful. Otherwise declare the itera-
tion unsuccessful and set 6, ,, < 6, .

Step size parameter update: If the iteration was suc-
cessful then maintain or increase the step size pa-
rameter: A, , =min{A, ..., 5,A,} . Otherwise de-
crease the step size parameter: A, , = SA, .

We use the DSM without the search step and the further de-
tails about the algorithm is described in [15]. The identified
parameter values using units of kKN and mm are shown in Ta-
ble 2. The force-elongation relationship of the experimental
observation and the numerical approximation are plotted in
Fig. 6. Through the comparison of the results, the proposed
hysteresis model fits the observed experimental data.

200
~~~~~~~~~~ Experimental
observation

150
—— Numerical
approximation 100

40
elongation, d(mm)

-100

Fig. 6. Comparison of the force-elongation relationships of the experi-
mental observation and the numerical approximation
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Table 2. Identified parameter values (using units of kN and mm)

K5 (kN/mm) 6.45
Y * (kN) 47.1 Y~ (kN) -51.6
at 0.25 a 0.11
n* 2.96 n- 1.00
K& (kN/mm) 0.37 n 0.08

4. Numerical example

By using the proposed hysteresis model with the identified
parameters, we confirm the seismic response reduction by the
damper. This also enables to show the effectiveness of the
heuristic optimization approach. It is possible to implement
the hysteresis model into a commercial finite element analysis.
For example, the ANSYS FEA solver has an open architecture,
allowing to write our own subroutines in C, C++, or
FORTRAN and link them to ANSYS as external commands,
which are called User Programmable Features (UPFs) [16].
In this study, we do not use such commercial finite element
analysis codes but our own code for sake of simplicity.

4.1. 3-story steel building

Let us consider a 3-story steel building, typical plan and el-
evation of which are shown in Fig. 7. The steel sections of
beams and columns are summarized in Table 3. The steel ma-
terial has a bilinear stress-strain relation, where Young’s mod-
ulus is E = 205 kN/mm?, the kinematic hardening ratio is
0.01E and the yield stress is 235 N/mm?2,

We only consider responses of the structure subjected to
seismic motions in the long-span direction, i.e., the damper
working direction. Usually, the seismic analysis of buildings is
carried out under the assumption that deformation of the dia-
phragm is negligibly small compared with that of the main
lateral load-resisting structure; therefore, the diaphragms can
be assumed to be rigid. The rigid diaphragm is a convenient
modeling technique for distributing the lateral forces to the
frames; forces are distributed to those elements proportionally
to their lateral stiffnesses. Thus, we use an equivalent 3-story
shear model in the long-span direction as shown in Fig. 8. The
inter-story drift angle is given by o,=u,/h (i=123),
where u, is the i th inter-story drift in Fig. 8, and h1 = h2
3,250 mm and hs = 3450 mm are story heights. The story
shear forces of the model are evaluated to the axial forces of
the springs placed in the inter-story inFig. 8. The weights of
the roof, the 3rd and the 2nd floors are given as 421kN,
597kN and 769kN, respectively. The relationship between the
inter-story drift and the story shear force without the dampers
is given as shown in Fig. 9, which approximate the results by
pushover analysis of the frame model. The pushover curves of
the frame model are also shown in Fig.9.

1265

©

7500

o
S
S
=

8500
T
[T

VRFL

V3FL

V2FL

© ©) ®» @ ®

Fig. 7. Typical plan and elevation of a 3-story steel building

Table 3. List of sections

2,500 -

2,000

1,500

1,000 -

500

0

Fig. 9.

Sections
Beam (RF) H-400x200x8x13
Beam (2F,3F) H-450x200x9x14
Column H-250x250x9x14
ul u2 u3

VRFL

3450
\

V3FL

3250
~J

V2FL

3250

VIFL

Fig. 8. 3-story shear model
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4.2. Effectiveness of the damper

The responses are evaluated by nonlinear transient dynamic
analysis. The standard Newmark-B method (B = 0.25, y = 0.5)
is used for integration in time domain with the increment of
0.01 sec. The seismic input is given as shown in Fig. 10,
which is the well-known record of earthquake ground motion,
El-Centro 1940, N-S component. Peak ground acceleration
(PGA) and Peak ground velocity (PGV) of the EI-Centro 1940
NS are shown in the row labeled “Case-a” in Table 4. Fur-
thermore, we investigate responses to two other scaled seismic
inputs of El-Centro 1940 NS, PGA and PGV of which are
designated as “Case-b” and “Case-c” in Table 4.

The force-elongation relations of the single damper in the
1st story are shown in Fig. 11. Through comparison between
Figs. 5 and 11, we can see that the proposed hysteresis model
with the identified parameters behaves similarly to the exper-
imental results, i.e., the hardening and asymmetric hysteresis.

The responses of the building structure are mainly evaluat-
ed by the inter-story drift angle and corresponding story shear
force, particularly the maximum values for the duration. The
maximum inter-story drift angles in all cases are summarized
in Table 5 and reduction ratios of the response are summa-
rized in Table 6, where the ratio is defined as ratio of the max-
imum inter-story drift angle of the structure by placing the
dampers to the corresponding value without the dampers.
From Table 6, we can see that the dampers reduce the re-
sponses of the structure by between 30% and 40% in Case-a
and b from the responses without the dampers. The seismic
input in Case-b, scaled to PGV of 50cm/s, is extensively used
in Japanese design practice as the seismic input level in which
limited damage is accepted. On the other hand, the seismic
input in Case-c, scaled to more than PGV of 100cm/s, is larger
than the level used in Japanese design practice. The relation-
ship between story shear force and inter-story drift angle of
the 1st story in Case-c with the dampers and without the
dampers are shown in Figs. 12 and 13, respectively. It is seen
from Figs. 12 and 13 that the stiffness of the frame of the 1st
story decreases in large deformation region and the damper
supplements the stiffness by geometric hardening. It can be
said that the hardening effect of the damper, which can be
confirmed in Fig. 11, suppresses deformation concentration of
the 1st story.

400
300
200
100
0
-100
-200

-300
0 10 20 30 40 50
time (sec)

ground acceleration (cm/s2)

Fig. 10. Seismic input, EI-Centro 1940 NS (Case-a)

Table 4. Scale of the seismic input

PGA (cm/s?) PGV (cm/s)
Case-a 341.7 335
Case-b 509.1 50
Case-c 1171 115

Table 5. Maximum inter-story drift angles of the structure
(x1/1000 rad)

Without dampers
Case-b

With dampers

Case-a Case-c  Case-a Case-b  Case-c

3rd story 286 425 796 151 212 465
2ndstory 480  7.12 1059 2.79  3.98  9.05
1st story 456 6.86  16.67  3.05  4.23  12.40

Table 6. Reduction ratios of the maximum inter-story drift angles of the
structure by the dampers

Case-a Case-b Case-c
3rd story 53% 50% 58%
2nd story 58% 56% 85%
1st story 67% 62% 74%
150
Case-c
100
= 50
=<
= 0
8
£ 50
-100
-20 -10 0 10 20 30 40

elongation, d(mm)

Fig. 11. Responses of the single damper in the 1st story

2500
. —Total
Z 1500 (Frame+Damper)
3 Damper
5 500
& 00 7
w
b
S -1500
-2500

-0.02-0.015-0.01-0.005 0 0.005 0.01 0.015 0.02
inter-story drift angle (rad)

Fig. 12. Response of the 1st story with the dampers in Case-c
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2500

1500

500

-500

-1500

story shear force (kN)

-2500
-0.02-0.015-0.01-0.005 0 0.005 0.01 0.015 0.02
inter-story drift angle (rad)

Fig. 13. Response of the 1st story without the damper in Case-c

The results indicate the effectiveness of the heuristic opti-
mization approach for identification of hysteresis model. Pa-
rameters may be approximately identified based on prelimi-
nary and/or background knowledge if behavior of the damper
is known. However, we do not have such knowledge in many
cases, e.g., modeling of new material, new structural system
and known but complex phenomenon. The heuristic optimiza-
tion approach can serve as a useful framework even in such
difficult situations.

4.3. Comparison with a conventional damper

For comparison with a conventional damper, we also use
the damper without hardening effect, where the parameters
a* = a = K} = 0 are given and the others are same as
in Table 2, which can be regarded as the conventional damper,
see e.g., Ref. [12]. Typical force-elongation relationship of the

conventional damper is denoted as “Without hardening” in Fig.

15, which behaves like the perfectly elasto-plastic hysteresis.
With a focus on the large seismic inputs, we use the one of
“Case-c” in previous subsection and JIMA-KOBE 1995 NS
scaled up 1.3 times, which is referred to as “Case-d”. The
seismic input of Case-d is given as shown in Fig. 14. The
PGA and PGV of the seismic inputs are summarized in Table
7 with Case-c already defined in Table 4.

The maximum inter-story drift angles of the structure in
Case-c and Case-d with/without hardening effect are summa-
rized in Table 8. The force-elongation relations of the single
damper in the 1st story and the relationship between story
shear force and inter-story drift angle of the 1st story are
shown in Fig. 15 and Fig. 16, respectively. From Table 8, the
maximum response of structure with proposed dampers in
Case-d is reduced by 13% compared to that with the conven-
tional dampers in Case-d, which are indicated in bold font in
Table 8. In Fig. 15, the proposed damper with hardening
works like stopper and prevents excessive deformation. It is
known that JMA-KOBE has the impulsive character. This im-
plies that the proposed damper can be effective to the large
impulsive seismic inputs.

Table 7. The large seismic inputs

PGA (cm/s®) PGV (cm/s)
Case-c 1171 115
Case-d 1063 118.3
1000
& 800
€ 600
£ 400
§ 200
g 0 oot
2 200
g -400
= -600
5 -800
S -1000
-1200
0 20 40 60 80 100
time (sec)

Fig. 14. Seismic input, scaled IMA-KOBE 1995 NS (Case-d)

Table 8. Maximum inter-story drift angles of the structure
(x1/1000 rad)

Without hardening With hardening

Case-c Case-d Case-c Case-d
3rd story 4.48 451 4.65 5.30
2nd story 9.30 10.15 9.05 10.26
1st story 12.67 18.03 12.40 15.60
200 —— With hardening Without hardening
150

force, f (kN)
o 9
o o

o

&
o

-100
-60 -40 -20 0 20 40 60
elongation, d(mm)

Fig. 15. Responses of the single damper in the 1st story

3000 —— With hardening Without hardening

N
o
o
o

1000
0
-1000

story shear force (kN)

-2000

-3000

-0.02-0.015-0.01-0.005 0 0.005 0.01 0.015 0.02
inter-story drift angle (rad)

Fig. 16. Responses of the 1st story
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5. Conclusions

The conclusions drawn from this study are as follows:
1. We proposed extensions of a hysteresis model by Ozdemir
to express hardening effect and asymmetric hysteresis in
tensile and compressive loading conditions. The proposed

model inherits smooth hysteresis and easy implementation.

2. We pointed out that the identification of the model parame-
ters is classified into a non-smooth optimization problem
including non-continuously differentiable functions. There-
fore, derivative-free optimization methods are suitable for
solving the identification problem.

3. Through a numerical example, we confirmed that the pro-
posed hysteresis model with the identified parameters can
accurately simulate the experimentally observed force-
elongation relationship in the range of the quasi-static ex-
perimental data.

4. Placing the dampers reduces the maximum inter-story
drift angle of the structure by between 30% and 40% un-
der the seismic input scaled to PGV of 50cm/s, and sup-
presses deformation concentration in the 1st story under
the seismic input scaled to PGV of more than 100cm/s.

5. Numerical results imply that the proposed damper is effec-
tive against the large impulsive seismic inputs compared
to a conventional damper that has a perfectly elasto-plastic
hysteresis.
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