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Te introduction of new materials can signifcantly improve the performance of existing dampers, but the constitutive model of
new materials is difcult to be obtained in a short time, which makes its numerical simulation difcult. Bouc–Wen–Baber–Noori
(BWBN) model can well describe the stress-strain relationship of materials, and it is helpful to introduce new materials into
numerical simulation. In this paper, a new high manganese steel material is used to fabricate buckling restrained brace, and based
on the improved Transition Markov Chain Monte Carlo (iTMCMC) sampling method and Bayesian reasoning, a new parameter
identifcation of BWBNmodel is completed; model parameters are introduced into OpenSees to complete the response analysis of
the new steel damper in the structure. It provides a new method and approach for introducing new materials into structural
seismic resistance and proves its reliability.

1. Introduction

Te constitutive model of new materials is of great signif-
icance for engineering numerical simulation. Inaccurate
constitutive parameters will lead to errors in numerical
simulation [1, 2]. BWBN model is not only widely used in
reinforced concrete frame structures [3], seismic residual
displacement [4, 5], structural health monitoring, and other
felds [6, 7], but also to simulate various dampers, such as
yielding shear panel device [8], and magnetorheological
dampers [9]. Te application of BWBN model needs to
clarify its parameters frst. At present, there are many
methods to identify the parameters of BWBN model based
on experimental data, such as Genetic algorithm [10, 11],
Cuckoo Search Algorithm [12], artifcial neural network
[13], and Transitional Markov Chain Monte Carlo method
[14]. Because of the introduction of new materials, it may be
necessary to constantly adjust the model parameters in order
to obtain a better ftting efect. However, the parameter

identifcation methods such as genetic algorithm and neural
network algorithm cannot provide the possible value
probability of parameters, which is not conducive to model
updating. Once the BWBN model parameters are found,
when the diference between the experimental data and the
output of the mathematical model is small enough, the
resulting model is regarded as a “good” approximation of the
real experimental lag [15]. At the same time, because the
improved Bouc–Wen model (BWBN, iTMCMC) can de-
scribe several modes matching the response of a series of
hysteretic systems, this paper applies it to a “fuse”, which is
made of elastic-plastic austenitic steel with low stacking fault
energy and analyzes its reliability.

Some scholars have compared several design concepts of
viscous dampers in building structures [16], and it has been
found that the energy-based design strategy provides the
best distribution method among a wide group of analyzed
design methodologies complying with an equal (target)
damping ratio constraint. In addition, some scholars have
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summarized a variety of algorithms to invert the optimal
design parameters of passive dampers in order to achieve the
desired performance of buildings [17], Nowadays, an input
velocity adjustment method of the critical double impulse
was presented for the efcient design of viscous dampers for
elastic-plastic moment frames [18]. It can be seen that there
are many researches on algorithms for building structure
health, but there are certain diferences between the pa-
rameters of dampers deduced backwards for the purpose of
building health and the real parameters obtained from the
produced dampers. Such diferences may lead to changes in
the response of building structures, which will lead to ad-
verse results.

In order to protect buildings on soft soil foundation that
are not suitable for seismic isolation technology from
earthquake damages, it is necessary to install dampers or
supports in the structure that can dissipate energy and have
the same redundancy as the building [19–21]. Buckling
restrained brace (BRB) is widely used in the feld of building
damping because of its economy and excellent energy dis-
sipation capacity [22]. Traditional BRBs have poor low cycle
fatigue performance, durability, ductility, and other related
properties [23, 24], which may lead to serious damage to
buildings due to the fact that BRBs cannot achieve the same
redundancy with buildings after earthquakes. Some studies
have found that, dampers efectively reduce the failure
probabilities of the structural frame and the facility com-
ponents and It shows that the damper with the same re-
dundancy as the building can protect the building from
earthquake damage to the greatest extent [25].

2. Modified Bouc–Wen Model

Bouc–Wen model is a smooth hysteretic model represented
by diferential equations. On the basis of Bouc–Wen model,
Wen, Baber, and Noori [26, 27] defned strength, stifness
degradation parameters, and pinching efect function, which
expanded the function of Bouc–Wen model (also known as
BWBN model). So far, BWBN model is widely used to
describe hysteresis in various projects. Te schematic dia-
gram of Bouc–Wen single degree of freedommodel is shown
in Figure 1, and the equation of motion can be expressed by
the following equations:
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In equation (1), a is the ratio of postyield stifness to
preyield elastic stifness a � EP/E, m is the mass, c is the
damping constant, k is the stifness coefcient, and z is the
hysteresis parameter. In equation (2), v(t) represents
strength degradation, v(t) � 1.0 + δvε(t), η(t) represents
stifness degradation, η(t) � 1.0 + δηε(t), and h(z) repre-
sents pinch efect.

Some scholars have introduced the derivation process of
Bouc–Wen model and the detailed process of parameter
identifcation using traditional Bayesian inference [6, 14]. In

this paper, the fourth-order Runge–Kutta method is used to
solve the diferential equation in the BWBN elastic mea-
surement model as follows:
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where f() represents the diferential equation of BWBN
model, xn is the displacement in the measured data, yn �

F(t) is the force in the measured data, h is the Runge–Kutta
time step, and K1, K2, K3, K4 are the transfer parameters in
Runge–Kutta.

3. Model Updating Techniques

To apply the BWBNmodel to describe the hysteretic behavior
of the system, the frst problem is to fnd better model pa-
rameters. Te random sampling method can deal with more
general situations than the asymptotic approximation
method. Te parameter identifcation method based on
Bayesian theory can not only give the optimal values of
parameters, but also obtain the covariance matrix that
quantitatively describes the uncertainty of model parameters.
Tis is of great signifcance and theoretical value to improve
the robustness and accuracy of system identifcation.

Worden and Hensman [28] explained how the Bayesian
method provides the same and more information as the
diferential evolution algorithm method, and used Markov
Chain Monte Carlo (MCMC) and Metropolis–Hastings
(MH) techniques to estimate the parameters of the BWmodel
of hysteresis. Cheng et al. [29] replaced Gaussian sampling
with diferential evolution algorithm to form an improved
DE-TMCMC method to identify the parameters of sand
constitutive model. Betz et al. [30] provided three ways to
improve TMCMC sampling methods. Tis paper synthesizes
the frst and third improvementmeasures, and uses iTMCMC
algorithm to identify the parameters of BWBN model. Te
specifc implementation method is shown in the Figure 2.
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F (t)mk

c

Figure 1: BWBN model diagram.
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Let θ be the set of uncertain parameters and D represents
measured data. Te core of parameter estimation using
probability idea is to know the probability density distri-
bution (PDF) of parameters. According to Bayesian rea-
soning, the posterior distribution of the undetermined
parameter P(θ | D)∝P(D | θ)P(θ) and θ of the un-
determined parameters are assumed to be Gaussian distri-
bution with standard deviation of 1, and the mean value of
the prior distribution is shown in θ∗ in Table 1. Te like-
lihood function of the mean square error (MSE) between the
calculated D and the system estimated response of the given
parameter θ∗ is shown in the following equations:

P(D | θ) � 􏽙
N

i�1
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2π
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−1
exp −

1
2σ2
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2
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Jdis(θ, D) � u(i) − u
∧
(i | θ), (5)

where N is the amount of data, σ is the variance between the
test displacement and the displacement prediction error
calculated by the BWBN model with the current parameter,
u is the actual displacement value of the test, and u

∧
rep-

resents the average value of the displacement predicted by
the BWBN model with the current parameter. For the
convenience of calculation, the log-likelihood function
should be used in the actual implementation of iTMCMC.

After obtaining the log-likelihood function, enter
iTMCMC sampling, mainly using the frst and third im-
provements proposed by Betz et al. [30], and the main steps
are as follows:

(i) Prior distribution and likelihood function of input
parameters;

(ii) Calculate qj. If qj> 1, let qj � 1, set i� 0, and extract
μ0k, k � 1, 2, . . . . . . , N􏼈 􏼉 samples from the prior
distribution.

(iii) Te weighting coefcient is calculated for all the
samples μ0k, k � 1, 2, . . . . . . , N􏼈 􏼉, where j � 0, ..., m,
0 � q0 < q1 < · · · < qm � 1, and μ(j,k) � μc

(j,l).

w(j,k) � P μc
(j,l) | D􏼐 􏼑􏼐 􏼑

qj− qj−1
. (6)

(iv) Calculate the average value of the following
weighting coefcient:

Sj �
1

NS

􏽘

NS

k�1

w(j,k). (7)

(v) Te covariance matrix is calculated, wherein the
scaling factor β � 2.4/

��
M

√
is adaptively adjusted as

follows:

Obtain the force displacement data obtained from the
test and other necessary physical parameters

Initialize the parameters to be identified, and determine
the value range and initial value

Bring the measured data and initialization parameters into
the bwbn model and solve the model

Assuming that each parameter to be identified satisfies the
Gaussian distribution, its log likelihood function is calculated

iTMCMC parameter identification

Meet termination
conditions

Output the estimated value of the parameter

Figure 2: Calculation fow chart.

Table 1: Parameter sampling range.

Param θmin θ∗ θmax

α 0.01 0.20 0.30
β 1.00 2.00 4.00
c −4.00 −1.00 4.00
n 1.00 1.20 3.00
υ0 0.10 1.20 3.00
δυ −2.00 0.40 4.00
A0 0.50 1.10 3.00
δA −2.00 0.10 3.00
η0 0.50 1.30 4.00
δη −3.00 0.50 4.00
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(vi) Te index l is randomly selected from the set
1, ..., NS􏼈 􏼉 according to the probability

wj,l/􏽐
NS

n�1 w(j,n) to obtain μc as the initial sample to
start the Markov chain. Te Gaussian distribution
centered on the current sample in the k-th chain
and the covariance matrix 􏽐j are taken as μc

suggested distributions. Let R be a sample in
a uniform distribution of 0 to 1, if
r≤Pj(μc)/Pj(μc

(j,l)), let μ
c
(j,l) � μc. Ten, proceed to

the following step μ(j,k) � μc
(j,l) and

w(j,l) � (f(μc
(j,l) | D))qj− qj−1 ;

(vii) If qj � 1, stop the iteration; otherwise, make j �

j + 1 and continue the cycle from step 1.

Te detailed steps can be seen from the three ways of
improving TMCMC proposed by Betz et al. [30], and it is
proved that the average deviation of evidence estimation
obtained by iTMCMC method is small, and its performance
is better than that of the original TMCMC method.

4. Experiment of the New Type Buckling
Restrained Brace

Buckling restrained braces (BRBs) are widely favored be-
cause they have sufcient seismic performance in com-
pression and tension. Dizaj et al. [31] proposed a shortened
BRB with low yield and proved that the shortened BRB has
lower potential danger. Iwata et al. [32] said that due to the
longer and longer duration of the earthquake, it was nec-
essary to study and develop new buckling restrained braces
with better fatigue performance and higher energy dissi-
pation capacity, and put forward corresponding opinions
from the structure.

Tis paper studies the identifcation of mechanical
properties of high ductility buckling restrained energy
dissipation braces (double stage axial steel damper) made of
a new type of austenite steel that Yang et al. [33] of Shanghai
Research Institute of materials developed. Te ductility
coefcient (i.e., the ratio of the ultimate displacement to the
yield displacement) of the new two-stage axial steel damper
is more than 12, which can realize the energy dissipation and
damping efect under diferent earthquake intensities and
achieve the same redundancy failure as the building.Te test
piece and test principle of high ductility double order
buckling restrained brace made of new materials are shown
in Figures 3 and 4.

Te total length of BRB core plate is 1.5m, the thickness
is 16mm, C45 concrete is poured in the barrel, and the test
loading frequency is 0.05Hz. Because the core plate is
welded by traditional ferritin steel plate and new austenite
steel plate, as shown in Figure 5, under cyclic loading, the
weld breaks and the strength of the component decreases,
thus achieving the purpose of double-stage energy
consumption.

Te traditional BRB core plate material is a low yield
ferritin steel, and the fatigue life of ferritin steel is low during
cyclic loading deformation. Te new austenite steel de-
scribed in this paper changes the deformation mechanism
of the traditional steel, improves the fatigue resistance and
ductility of the material, and the new material can mini-
aturize the buckling restrained brace. In this paper,
a miniaturized BRB full-scale test is carried out. Te
maximum tensile and compressive bearing capacity of the
core element after yielding in each loading cycle is not
lower than the yield load. Te obtained hysteresis curves
are shown in Figure 6.

From Figure 6, it shows that the new BRB has almost no
stifness degradation under 30 cycles of cyclic load, and has
a certain degree of strength degradation, which meets the
requirements of double-order energy consumption. Te
displacement is within 1/40 range, and a stable, full,

Figure 3: Buckling restrained bracings with high ductility.
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Figure 4: Schematic diagram of test principle.
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Figure 5: Schematic diagram of double order constraint support.
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repeatable, and nondecaying hysteresis curve of bearing
capacity is obtained.

Terefore, it can be seen that the new BRBs has the
following advantages:

(1) Te axial damper overcomes the shortcomings of the
ductility of the traditional buckling restrained brace,
maximizes the deformation capacity of the damper,
achieves the same seismic redundancy with the main
structure, and ensures the energy dissipation in the
whole process under the earthquake.

(2) Under the same deformation design, the length of
the damper is shorter and easy to install. Trough
bolt connection, quick replacement and repair after
earthquake can be realized.

(3) Based on excellent performance, optimize the main
structure, reduce the consumption of traditional
concrete and steel, reduce carbon emissions, and
signifcantly improve the seismic performance of
buildings to meet the needs of resilient cities.

In order to apply the new type of buckling restrained
brace to engineering, it is necessary to conduct simulation
analysis on it during design. However, the new product
cannot form its constitutive model in a short time, which is
unfavorable for engineering application. Diferent research
institutions have diferent models and parameter identif-
cation methods to describe the hysteresis performance of
BRB. In terms of models, commonly used models include
double (multiple) linear model [34], Ramberg Osgood
model [35] and Bouc–Wen model [36]. Tese models have
the advantages of smooth curve, high simulation accuracy,
and strong adaptability, but at the same time, these models
do not have the characteristics of describing stifness deg-
radation and strength degradation.

5. Identification

In order to further study the response of the new steel
damper in the structure, it is necessary to obtain the con-
stitutive model of the stress-strain relationship of BRB. In
recent years, Bayesian model updating technology has been

more and more applied to the neighborhood of hysteresis
system parameter identifcation. Ortiz et al. [14] frst used
Bayesian model updating technology to identify BW model
parameter that can simulate degradation efects, and found
the parameter set that can accurately reproduce the system
response, but did not fnd the accurate value of the pa-
rameters related to BWBNmodel. Angelikopoulos et al. [37]
proposed the X-TMCMC algorithm in 2015, which com-
bines the adaptive Kriging method with the Transitional
Markov Chain Monte Carlo (TMCMC) technology to im-
prove the parallel efciency of the algorithm. In this paper,
iTMCMC method is introduced into the parameter iden-
tifcation of BWBNmodel for the frst time, which improves
the calculation efciency and achieves better model updating
efect. Based on the original TMCMC method, iTMCMC
algorithm mainly makes the following modifcations:

(i) Adjust the sample weight after each MCMC step to
reduce the average deviation of model evidence
estimation

(ii) Apply aging period in MCMC step to improve
posterior approximation

(iii) Te target distribution scale of MCMC algorithm is
adaptively selected to achieve near optimal
acceptance rate

iTMCMC is set to the following values: the number of
samples in all stages, is set to 1000, the specifed threshold of
c.o.v. is set to 100%, and the aging parameter is set to 50.
Each parameter is sampled independently. If the parameters
are related, it is based on the edge transformation of the
reconstructed joint distribution (nataf) method. Te esti-
mated value of the parameter range is shown in Figure 7.

It is shown from Figure 8 that the identifed parameters
can make the modifed BW model refect the strength
degradation efect and estimate the actual second-order
response of the system better. Te comparison results
show that the theoretical model can well simulate the me-
chanical performance of the composite damper under cyclic
load and can replace the test results for theoretical analysis.
Te identifcation method has shown that it can fnd a pa-
rameter set capable of reproducing the system response. Te
BWBN model is a multimodal function. Although the exact
values of the parameters related to the BWBNmodel are not
estimated, the system response evaluated using the estimated
parameters is sufcient for simulation purposes. Te iden-
tifcation parameters are shown in the Table 2.

Since the hysteretic system to be identifed has no pinch
efect, this paper does not consider the parameters con-
trolling pinch. Te BWBN model is a multimodal function
[15], which allows multiple groups of parameters to achieve
a good estimation of the system response. At the same time,
the existing literature shows that the parameter values of the
BWBN model are often in a fxed range [38, 39]. Tis paper
fnds that when parameter estimation is carried out by
means of probability thinking, the parameter sampling range
can be appropriately expanded and the number of sampling
points can be appropriately increased to obtain a better
parameter set.
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Comparing Figures 8 and 9, it can be seen that the ac-
curacy of the parameters taken into the model response under
the sampling at a larger boundary is signifcantly higher than
that under the sampling at a smaller boundary because of the
strong correlation between the parameters [15].Terefore, the
parameter identifcation of the BWBN model is a global
identifcation task, and the random sampling methodmay fall
into a local trap. Trough the iTMCMC method, adaptive
selection of target distribution scale of MCMC algorithm can
deal with this problem well. Using iTMCMC sampling
method to estimate BWBN model parameters also has the
advantage of higher efciency. Te whole calculation process
is about fve minutes, which is greatly improved compared
with the traditional Bayesian model updating method.

6. Example Analysis of Seismic Response

In order to carry out fnite element simulation and
shaking table test of earthquake simulation, a four story
and four span space reinforced concrete frame model is
designed in this paper. All beams and columns adopt the size
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of 18@100, Steel 02 constitutive model is selected for re-
inforcement, and the cross-section of the beam is
300mm× 600mm, the cross-section of the column is
500mm× 500mm, the concrete constitutive model is con-
crete01 constitutive model, and the restraint efect of trans-
verse stirrup is considered for the core concrete. In order to
consider the crushing phenomenon of the concrete in the
protective layer, the ultimate strength of the concrete in the
protective layer is taken as 30% of the peak strength of the
concrete, and the ultimate strain is taken as 0.006. A uni-
formly distributed load of 10 kN/m is applied to each beam,
and the mass of each foor is simplifed to the node mass of
50 t. Te BRB members are simulated by the BWBN material
constitution in OpenSees, and the seismic efect is simulated
by applying the inertial force on the base, and a four-story
reinforced concrete frame structure is established, STKO
model is shown in Figures 10 and 11.

According to the seismic infuence coefcient curve of
building structure, Tabas wave and El Centro wave are re-
spectively adopted in this paper, and the peak acceleration of
seismic wave is taken as 0.1 g, 0.2 g, and 0.25 g through
amplitude modulation, and only the seismic wave x is input
in the form of bottom inertial force. Te ideal elastic-plastic
model is adopted to consider the efect of rigid foor. Specifc
seismic waves are shown in Figures 12 and 13.

Under the action of earthquake, the BRB member makes
the main structure basically in the elastic range by yielding
energy dissipation, to avoid the damage to the main
member. Because there are many dampers arranged in this
paper, the force in the damper is small under small accel-
eration, and a relatively complete hysteresis loop cannot be
formed. Figure 14 show the hysteresis curves of the dampers
of the frst to fourth layers under 0.25 g seismic wave.

It can be seen from the fgure that the unloading stifness
and the initial stifness of the damper are almost the same,
which is also in line with the experimental results. At the
same time, the yield layer of BRB can be obtained through
analysis, and the efect of each layer of dampers under
moderate earthquakes can be seen. Tis can efectively guide

Table 2: Parameter estimation and variance.

Parameter Estimated Variance Signifcance
α 0.051157 0.0012377 Stifness ratio
β 4.76381 0.225278 Hysteresis area
c −2.59916 0.216215 Plumpness parameter
n 1.8705 0.0437203 Smoothness parameter of the model
υ0 0.100063 9.53017e− 05 Strength degradation
δυ 0.193383 0.0196162 Strength degradation
A0 2.96138 0.10239 Strength and stifness degradation
δA −1.98218 0.0080262 Strength and stifness degradation
η0 3.88594 0.0287953 Stifness degradation
δη 3.42436 0.280545 Stifness degradation
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Figure 9: Hysteresis cycles for small range sampling parameters.

Figure 10: Model diagram.

Figure 11: Model diagram.
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the design and arrangement of dampers, and has strong
engineering practical signifcance. Te horizontal stifness
and bearing capacity of the empty frame are low, and the
energy dissipation capacity is poor. However, the BRB
reinforced frame has better seismic resistance. Te hori-
zontal force displacement hysteresis curve of the new double
order buckling restrained brace in the structure is full and
stable.

7. Conclusion

In order to determine the relationship between the force and
deformation of the buckling restrained brace, a new
iTMCMC method is adopted to identify the parameters of
the improved BW model, and then the parameters are
brought into the BW material constitutive model of
OpenSees to obtain the response of the new double-order
buckling restrained brace under the actual earthquake, to
realize the simulation of the application of new materials in
the structure. Tis paper mainly obtains the following
conclusions:

(i) Te iTMCMC method is successfully applied to the
parameter identifcation of the improved BWmodel
lag model. Te identifcation method has shown its
ability to fnd a parameter set that can accurately
reproduce the system response.

(ii) In the analysis model of BRB reinforced concrete
frame, the improved BW model constitutive ele-
ment is adopted for the BRB frame, and the inertial
force at the bottom is considered for the seismic
action of the structure. Te numerical analysis re-
sults of reinforced concrete frame show that the

simulation results are in good agreement with the
test results. Te reinforced concrete frame analysis
model can accurately predict the seismic perfor-
mance of empty frame and BRB reinforced frame.

(iii) Te improved BW model can better simulate the
hysteresis characteristics of BRB. Compared with
the classical BW model, it can better refect the
characteristics of plastic hardening of materials and
asymmetry of mechanical parameters, to guide the
design and engineering arrangement of dampers.

(iv) In view of the results of numerical experiments, the
proposed iTMCMC method should be applied to
other hysteresis models, such as biaxial models or
asymmetric hysteresis models, to evaluate the ef-
ciency of the algorithm in dealing with other
nonlinear hysteresis models.
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