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Performance evaluation of composite moment-frame structures with seismic
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Abstract. This study aims at evaluating composite moment frame structures (CFS) using wavelet analysis of the displacement
behavior of these structures. Five seismic damage mitigation systems” models of 9-story CFS are examined namely, basic (Model
1), reinforced (Model 2), buckling restrained braced (BRB) (Model 3), lead rubber bearing (LRB) (Model 4), and composite (Model
5) moment frames. A novel integration between continuous and discrete wavelet transforms is designed to estimate the wavelet
power energy and variance of measurements’ behaviors. The behaviors of the designed models are evaluated under influence of four
seismic loads to study the dynamic performance of CFS in the frequency domain. The results show the behaviors of models 3 and 5
are lower than other models in terms of displacement and frequency performances. Model 3 has been shown lower performances in
terms of energy and variance wavelets along the monitoring time; therefore, Model 3 demonstrates superior performance and low
probability of failure under seismic loads. Furthermore, the wavelet variance analysis is shown a powerful tool that can be used to

assess the CFS under seismic hazards.

Keywords:

composite frame; wavelet; dynamic analysis; seismic

1. Introduction

Nowadays, the composite moment resisting frames
structures (CFS) with control systems have been widely
used in constructions to reduce disaster impacts that
occurred during sudden effect, such as seismic loads
(Mehanny and Deierlein, 2000, Hu ez al. 2010, Rhee ef al.
2012, Hu and Choi, 2014, Min, 2017). The CFS systems are
efficient in terms of the used materials and eliminating field
welding of beam-column connections; moreover, it can be
also used in high seismic regions (Mehanny and Deierlein,
2000, Farrokhi et al. 2010, Shi et al. 2018, Shallan et al.
2018). The main parts of CFS frames are the columns and
connections between structures” members. The advantages
of concrete-filled steel tube (CFT) columns greatly
outweigh the advantages of composite steel-concrete
columns and suite for moment-resisting frames in high
seismic zones (Hu et al. 2010, Hu and Choi, 2014). The
current study uses CFT composite columns and steel beams
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and that were modelled as nonlinear beam-column elements
to conduct the CFS system. Two-dimension discrete fibre
sections placed in the integration points of nonlinear beam-
column elements are used to simulate the cross-section of
CFT columns and steel beams as presented in (Hu et al.
2010, Min, 2017).

Herein, although the performances of deformation
capacity of CFS systems are evaluated and studied
previously (Hu, 2008, Park et al. 2011, Min, 2017, Lee et
al. 2018, Matarazzo et al. 2018, Shi et al. 2018), the
research on the behavior of buildings with different kind of
control systems seems not deeply investigated enough at
this moment, particularly in frequency domain. In addition,
the time series of wavelet power evaluation of frames
behaviors is not used and discussed in detail for the CFS
systems. Meanwhile, many methods were used to evaluate
the performance of CFS sections, members and
connections, under different seismic loads (Park et al. 2011,
Min, 2017). Mehanny and Deierlein (2000, 2001) evaluated
the damage of six-story frame using statistical analysis, a
damage index method, in the time domain, and they applied
seismic loads to study the frame performance. It was found
that the nonlinear behavior can be estimated using the
damage index, but other performance levels should be
accurately evaluated. Also, Matarazzo et al. (2018) utilized
the damage index to evaluate damage cases of CFS. Shi et
al. (2018) tested a full-scale CFS, which is steel frame
composed of box cold-framed columns, hot-rolled I-section
beams, end-plate joints, flexible braces, and stud-connected
prefabricated slabs, under cyclic loads. They used statistics
evaluation in the time domain to assess the deformations
and base shear performances; in addition, they evaluated the
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energy dissipation performances of the model and found
that it can be applied to assess the frame’s behavior. Hu and
Roberto (2011) assessed four and six stories of CFS in
linear and nonlinear analyses using the statistical analysis in
the time domain for the movements, applied loads, base
shear coefficients and the rotation; a smart development
connection was used in their study and evaluated. They
found that the development connection performance was
better in the time domain; this system is used in the current
study. Park et al. (2011) assessed 3-, 9- and 20-stories of
frames that designed using CFT, and they evaluated the
performances of frames utilizing the statistical analysis of
stress and strain of frames performances. From this
literature, it can be seen that most researches applied
statistical analyses in the time domains or traditional
methods to evaluate the behavior of CFS systems.

This study investigates the use of wavelet variance and
energy to evaluate different cases of CFS under seismic
loads. Obviously, the wavelet analysis is widely used to
evaluate the dynamic behavior of different applications of
engineering, especially in evaluating the behavior of
structures under dynamic loads (Taha, 2006, Chen and Gao,
2011, Kaloop and Hu, 2016). Chouinard et al. (2019)
utilized wavelet analysis to detect the damage of beams, and
their results showed that the wavelets are efficient into
detecting and localizing low of damage. And the
verification of used wavelet to identify damage of structures
was assessed by using experimental and theoretical studies,
and the results showed that the wavelet is effective to detect
the damage (Li ef al. 2018). Farzampour et al. (2018 a,b)
evaluated the performance of controlled structures using
integrated wavelet and independent component analysis,
and they found that this method is sufficiently robust in an
accurate extraction of dynamic modes. But the wavelet
variance and energy were not used yet to assess the
performance of CFS. To illustrate this point, Iliuk ez al.
(2014) used wavelet spectrum and time-frequency map to
extract the dynamic characteristic of regular and irregular
dynamic systems, and they concluded that the wavelet
analysis can be used beside traditional tools to extract the
dynamic behaviors of structures. The wavelet variance of
the dynamic component of ground-water is extracted by
Xing et al. (2018) to monitor the dynamic movement of
groundwater level, and they found that the wavelet is
suitable and reliable to study the groundwater dynamics.
Furthermore, the wavelet has been applied to study the rate
of the changes of temperature, and the results show the
wavelet is an effective tool to extract that changes (Jemai et
al. 2017). Meanwhile, the wavelet is one of the efficient
methods that can be used to evaluate historical and
development structures (Taha, 2006, Stefano et al. 2016).
The wavelet energy was used to assess the dynamic
behavior of bridges (Sayed et al. 2017) and buildings
(Kaloop et al. 2016). The main advantage of wavelet
analysis is the wavelet coefficients or scales which deduced
from time-sequential measurement data represents the
components of energy input in the time and frequency
domains (Kaloop et al. 2016, Sayed et al. 2017). The
decomposition energy can be used to distinguish between
the frequencies contents and distributions of it with

measurement time, so the wavelet power, energy, and
variance of signal measurements can be estimated and
presented (Chan, 1995). In other words, the time series of
wavelet energy and variance allow representing the
frequency change into monitoring time. More details for
wavelet theory and assessment can be found in (Chan,
1995, Xiaoyan et al. 2000, Sun, 2002).

Five models, in the current study, are developed and
assessed in the vibration and structures laboratory at
Incheon National University (Min, 2017). The five models
are presented in the following section. Min (2017)
simulated the five models using OpenSees software and
used statistical analysis to evaluate the performance of five
models. The main difference between the five models is in
the damage mitigation system or control system used in
each model. This study extends Min’s (2017) evaluation.
Therefore, to complete the evaluation of five models in the
frequency domain, a novel integration between wavelet
transforms is implemented to assess the wavelet energy and
variance of the behavior of these models. Four ground
motions are considered to assess the behavior of five
models and evaluate the results of time series of wavelet
variance and energy performances. The roof’s
displacements of frames are extracted using a finite element
model and evaluated in this study.

2. Models, Loads and Methods
2.1 Models design

In the current study, the models are designed and used to
evaluate the performance of five kinds of control systems of
CFS structures subjected to different ground motions. To
simulate the behavior of real structures, three frames are
connected in three dimensions (3D). The three frames A, B,
and C are connected in a square plan, and that includes nine
stories as presented in Figure 1. The dimensions of the
frames are presented in Figure 1. Table 1 illustrates the
sections of I-beams that used to simulate the beams of the
building floor. The internal and external columns are
composite sections, see Figure 1.b; it is a rectangular CFT,
and the joint between columns and beams is presented in
Hu et al. (2010) and Min (2017). The joint is designed as
a moment connection as presented in Hu et al. (2010) and
Min (2017). The five models, as can be seen in Figures 1
and 2 and Table 2, includes the three frames A, B, and C,
and the models are considered as 2D half symmetric frame
model because of their regular quadrilateral (Hu and Choi,
2014, Kim and Leon, 2007). Rigid links connectors are used
to construct single multi-point constraint objects which are
able to constrain the translational degree of freedoms
between slave nodes allocated on the gravity frames (B and
C) and master nodes allocated on the perimeter moment
frame (A) (Hu and Choi, 2014). The columns’ sections are
presented in Figure 1.b; the model that designed by basic
sections (CFT section) was named model 1 (basic model), a
reinforcement section (RS) is added to model 1 with height
549 mm at ground floor and 396 mm at first and second
floors for model 2 (reinforced model). The buckling
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Fig. 1 Model design system (a) plan and (b) view of model 5 components on frame A

Table 1 Specification of I-beams of floor beams (unit in
inch)

Beam size d tw by tr
W24x62  23%  7/16 7 9/16

W27x94 267/8 % 10 Y s 4
W27x102 2718 % 10 13/16 I '
W33x130 331/8 916 10%  7/8 J

W14l 3% 58 10% 1516 - M

W36x150 357/8 5/8 12 15/16

restrained braced (BRB) system is used in model 3 (BRB
model) and lead-rubber bearing (LRB) base isolation
system is used in model 4 (LRB model). All previous
properties are emerged in model 5 (composite model), see
Figure 2. Table 2 illustrates the difference between the five
models, and Figure 2 presents Model 5. The OpenSees
finite element (FE) program is used to simulate the five
models. The five models are designed and developed by the
vibration and structures laboratory at Incheon National
University, South Korea, (Hu, 2008, 2015, Hu and Roberto,
2011, Seo and Hu, 2016, Mansouri, Amiri, et al. 2017,
Mansouri, Hu, et al. 2017, Min, 2017, Mansouri et al.
2018), and the models are evaluated and assessed using
statistical and traditional methods (Min 2017).

2.2 Considering loads

According to ASCE 7-05 and IBC2006 specifications,
all frames represented a building located on a stiff soil site
(Hu and Choi, 2014). The seismic design category (SDC) is
considered to be a high seismicity area as specified for class
D in the ASCE 7-05 (Hu and Choi, 2014). The other basic
conditions used for building design are presented in Table 3;
see Figure 2 for the dead and live loads (DL and LL)
distributions. Meanwhile, to examine the effect of five
model design and performance, four ground motions are
selected to simulate seismic loads. The Lose Angeles (LA)
and Seattle (SE) ground motions are selected and developed
from both historical records and simulations as part of

Table 2 Summary of five model components

components
model cpr  Including Including  Including Notice
RS BS LRB

1 0 X X X .
Fiber

: © © X section is

3 © X 0 X used at

4 (0] X X 0 ground
floor

5 0 0 0 o

the FEMA/SAC project on steel moment frames (Hu and
Roberto, 2011). 40 ground motions of LA and SE regions
are evaluated and assessed in Min (2017). Here, LA14,
LA28, SE04 and SE28 have been selected and used in the
current study. The LA14 and SE04 ground motion were
assumed to be subjected to a 10% probability of exceedance
in 50 years (10% in 50 years), while LA28 and SE28
ground motions were assumed to be subjected to a 2% in 50
years, corresponding to the design-based earthquake (Min,
2017)

Figure 3 illustrates the acceleration measurements of the
four ground motions. The peak ground acceleration (PGA)
of LA14, LA28, SE04, and SE28 are 0.66, 1.33, 0.66, and
1.39 g respectively. The PGA is observed at 4.32, 4.20,
4.48, and 8.50 seconds for the ground motions LA14,
LA28, SE04, and SE28, respectively. In addition, Figure 4
demonstrates the spectrum response of the ground motions.
Furthermore, the scale of the average spectrum of LA 21-40
and design spectrum are presented in Figure 4.b. To solve
the time-dependent dynamic problem, a transient
equilibrium analysis was performed using the Newmark
method (Hu 2008, Hu and Roberto 2011, Min 2017). A
value of 2.5% was used for the damping as defined by the
Rayleigh command in the OpenSEES program (Hu and
Roberto 2011), and according to the current design
guidelines for the composite frames (e.g ASCE7-05 and
IBC2006). The conclusion of response spectral
accelerations of forty ground motions of LA and SE
earthquakes according to five models are presented in Table
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Fig. 3 Acceleration history over time for four earthquake accelerations

Table 3 Basic conditions for building design (Hu and Choi,
2014)

Located Loads Loads . ... _Occupancy
area (Other) (Roof) SDC Site condition category
DL:4.12 DL:4.05
kPa kPa Stiff soil ~ Ordinary
LA area LL:2.39 LL:0.96 D class (class D)  structure
kPa kPa

4. The spectral acceleration was calculated using the design
spectrum and scaled the average spectrum of ground
motions for each subjected probability of exceedance in 50
years (2 and 10%). From Table 4, it can be seen that the
dominant frequency of models is in between 0.617 to 0.85
Hz’s.

Table 4 The average response acceleration (Sa) for the
natural period and LA and SE earthquakes of each model

LA SE Design
Model T (Sec) Sa (g) — Sa (g) — Sa (g)— Sa (g)— >*® sa(g)—
at10% at2% at10% at2% at 2%
10%
I 152 040 070 037 060 039 058
2 130 051 079 049 068 045 0.68
3 L7 054 079 061 08 050 075
4 162 036 067 034 057 036 054
S 149 041 071 038 060 039 059

In addition, from Table 4, the maximum spectral of LA
and SE ground motions is 0.54, and 0.61 g, respectively,
and that can be observed in model 3. Also, the design
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Fig. 4 (a) Seismic response spectrums of selected ground motions, (b)average and design response of 2% in 50 years (LA

21-40)

spectrum of model 3 is shown higher than other models
(0.50 and 0.75 g for 10 and 2% probability of exceedance,
respectively).

2.3 Wavelet variance and energy

The wavelet is used to refer to either orthogonal,
discrete wavelet transform (DWT), or nonorthogonal,
continuous wavelet transform (CWT), wavelets (Torrence
and Compo, 1998). The CWT is useful for time series
analysis (Torrence and Compo, 1998); in addition, the DWT
is more useful because the transformed data have no
redundant component (M.A. Sayed et al. 2017). Therefore,
both wavelet methods are used in this study. The DWT is
used to estimate the wavelet decomposition of signals to
estimate the smoothed signals, reconstructed data, and
calculate the total wavelet energy, and the reconstruction
signal is used in CWT to estimate the wavelet variance.
More details for the DWT and CWT can be found in (Rioul
and Vetterli, 1991, Chan, 1995, Kijewski and Kareem,
2003, Taha, 2006, Chen and Gao, 2011).

In this study, the wavelet decomposition and energy
calculation are estimated by DWT. In DWT, the signal
(x(t))is divided into approximate components (a(t)), low-
pass frequency level, and detail component (d(t)), high-pass
frequency level (Taha, 2006). The approximate component
is a smoothed signal or semi-static component of the signal
measurements, while the detail component refers to the
dynamic component of the measurements (M.A. Sayed et
al. 2017). Therefore, the decomposition of the original
signal can be expressed as:

Xj(t) = aj41 () + djz1 (D 1)

where, j represents the level number of frequency
content of the signal. The range of frequency (w) of each
decomposition level is denoted as:

1 1

2+1a0 V8 T Jiat )

;= Wy, wa] wy; =

where, At is the time step of the collection data, in this
study the sampling frequency of signals is 50 Hz.
Therefore, Table 5 demonstrates the frequency and time
ranges of seven decomposition levels that are selected based
on dominant frequency of models, as presented in Tables 4
and 5. Herein, it should be mentioned that six
decomposition levels are used only with models 2 and 3,
since the optimum time interval of those models is observed
at level six (Table 5).

After that the smoothed data can be reconstructed using
the detail components without loss any significant
information of the original signal:

N
X® =) 4 ®
=1

where, N is the number of decomposition levels; herein,
the detail components can be expressed using the linear
combination of the wavelet basis function as follows:

dj = Z Cjx®jx 4)

where, k is the time scale index, Cjj are the wavelet
coefficients, and ;) are the basis wavelet functions,
which can be represented as follows:

ojx = 2/ @2t - k) ®)

Meanwhile, the total energy can be calculated by sum
the squares of reconstruction signals; the energy of each
decomposition level can be calculated by sum the squares
of each detail level and the total energy can be represented
using the decomposition levels as follows:

E= di*(®) (6)

After that, the CWT is used to extract the time-series



206

Mosbeh R.Kaloop, Hong Min Son, Hyoung-Bo Sim, Dongwook Kim and Jong Wan Hu

S 40 Ground motions effects
o W
e v
-3
> i i
= 3 |-a——| Models design using OpenSees
~ O
e o
Re L]
53 Statistical analysis of models’
3 {é ~&— responses in time and frequency
o2 domains
>~ @
‘i\) w
m 9
DWT of models’ responses 3]
o =] b
Q 2|2
3 =]
© ol
<) =g B
2 S|E
=} w
7

CWT of signals

Wavelet levels energy and energy

density

ISAjeue
doURLIBA

y

Models behavior evaluation and analysis in time and frequency domains
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Table 5 Frequency and time ranges of decomposition levels

Frequency Range

Decomposition Level Time Interval (Sec.)

(Hz)
1 25-50 0.02-0.04
2 12.5-25 0.04-0.08
3 6.25-12.5 0.08-0.16
4 3.125-6.25 0.16-0.32
5 1.562-3.125 0.32-0.64
6 0.781-1.562 0.64-1.28
7 0.781-0.391 1.28-2.56

variance of the reconstruction signals (x,,). The CWT of x,
is defined as the convolution of x, with a scaled and
translated version of the wavelet function:

M-1

Wo(s) = > xno'l

m=1

(m — n)At
—

()

where, the complex conjugate is denoted as (*), S is
wavelet scale and n are the localized time index. M is the
number of observations. To select the wavelet scale, an
arbitrary set of scales can be used to build up a complete
picture of wavelet power (Torrence and Compo, 1998). The
appropriate scales can be extracted as follows:

S; =529 j=0,12,...,] (8)

©)

where, S, is the smallest resolvable scale and J
determines the largest scale. The S, should be chosen so
that the equivalent Fourier period is approximately 2At. The
choice of a sufficiently small 8j depends on the width in
spectral-space of the wavelet function. For the Morlet

I= Sj_IIng (MAt/S,)

function, it is about 0.5 (Torrence and Compo, 1998).

The average wavelet variance of reconstructed data is
calculated using the CWT, which expressed by the
equivalent of Parseval’s theory as follows:

z |Wy (Sl)l

n=0 j=

A]At
CAM

2

(10)

where, C, is scale independent, J is the largest scale
and Aj is the width of spectral-space of the wavelet
function. The Daubechies 6 (db6) and Morlet wavelet
functions are used in DWT and CWT, respectively
(Torrence and Compo, 1998, M.A. Sayed et al. 2017).
Herein, the low total energy and variance of wavelet
indicate that the structure is more stable and controlling.
Here, Figure 5 illustrates the processing steps to evaluate
the model’s performances.

3. Results and discussions

The probability of the behavior of the five models
behaviors is evaluated under forty ground motions of LA
and SE areas in Min (2017). The roofs displacements, inter-
story drift ratio displacement, connection rotation
displacement, and base shear force were also examined. The
results of the five models’ performances show that the
behavior of models 3 and 5 are almost the same. As
previously mentioned, from Min (2017) focused on using
statistical and traditional analyses in the time domain to
assess the model’s behaviors. Here, the displacements of the
roof are used to assess the performances of the five models
in the frequency domain which enables reaching more
detailed information. Figure 6.a shows the displacements of
models 3 and 5 under the ground motions LA 14, 28 and SE
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Fig. 6 Models 3 and 5 performances under seismic loads (a) time series displacement, (b) displacement-force curve, (c)

frequency-amplitude curve

04, 28. In addition, Table 6 demonstrates the maximum
displacement observed for the five models. From Figure 6.a
and Table 6, it can be seen that the maximum
displacement/movement (Desp.) occurred in models 2 and 1
under seismic LA14 and 28, respectively; while the
maximum displacement is observed in model 2 under SE04
and SE28. Furthermore, the minimum displacement is
recorded at model 5 under seismic loads LA14, LA28, and

SE04. These results indicate that the performance of model
5 is better. But, obviously, the decline of displacement with
time is shown, clearly, with model 3. In addition, minimum
displacement is observed at model 4 under seismic load
SE28. Therefore, to estimate the best model, we should
study the behaviors of models under all ground motions as
presented in Min (2017).

Figure 6.b presents the displacement and base shear
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Table 6 Summary the model’s behaviors

LA14 LA28
Models . Frequency Amplitude .. Frequency Amplitude
Disp. (mm) BSF (MN) (Hz) (mm) Disp. (mm) BSF (MN) (Hz) (mm)
1 -500.05 13.77 0.6473 72.16 656.45 -17.54 0.635 133.2
2 -530.96 14.15 0.6595 80.3 652.40 19.61 0.6473 136.4
3 -374.62 12.49 0.7938 32.82 475.54 16.69 0.6595 30.16
4 388.21 10.94 0.5496 30.8 598.97 13.91 0.6106 76.4
5 -245.62 9.93 0.7328 343 466.79 13.37 0.6961 29.83
SE04 SE28
1 -359.37 -11.76 0.6473 103.5 524.26 -16.34 0.6473 142.3
2 -364.49 -12.21 0.6473 88.35 610.16 -17.72 0.6473 146.7
3 -214.87 -8.09 0.8183 35.13 -354.71 -13.65 0.7938 41.13
4 321.26 -8.77 0.5862 46.46 289.18 -9.85 0.5984 121.7
5 171.38 -7.80 0.7084 18.8 -306.44 -10.64 0.6961 46.16
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Fig. 7 Detail wavelet components performances of models 3 and 5(the levels 1 to 6 from above to down)

force (BSF) relationship of models 3 and 5 under four
seismic loads, and Table 6 illustrates the maximum BSF of
five models under these loads. The BSF obtained for model
5 is smaller than other models except when the models
subjected to SE28, it can be seen that the BSF of model 4 is

lower. According to these findings, it could be concluded
that model 5 has superior performance among the rest of the
examined models. While the comparison of model 3 and 5
shows that the force-displacement curve is more sleepers
with model 3. This reveals that the model 3 evidence
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Fig. 8 wavelet energy of details reconstruction components of roofs’ displacements of model 3 under (a) LA28 and (b)

SE28 ground motions

shallower hardening after yielding, also, it is more
permanent deformation during unloading.

In addition, Figure 6.c and Table 6 demonstrate the
dominant frequency and maximum amplitude of the five
models under the seismic loads. The minimum amplitude is
obviously observed at models 3 and 5. In addition, the
maximum frequency is observed in model 3. These imply
that the performance model 3 has more stability in the
frequency domain. From these results, it can be noticed that
and the behavior of model 5 is better in the time domain,
while in the frequency domain, the performance of model 3
is seemed better, as also it will be explained more in the
following sections. Thus, the model’s performances affect
by the seismic characteristics in time and frequency
domains and should be studied under all ground motions.

Consequently, the results of direct evaluation of the
measurements are inadequate to estimate the real
performance of the five models in the time domains, while
the frequency domain is more credibly in assessing the
performance of the examined structures. In addition, it can
be noticed that the performance evaluation of models in the
frequency domain is more clear in capturing the real
behavior of the models. Herein, the wavelet is a reliable tool
that can be used to represent the frequency response of
signal in the monitoring time; wavelet energy and wavelet
variance are suites to illustrate the powers of the
measurements’ frequencies over the monitoring time. Here,
DWT is used first to remove the measurement noise and
illustrate the energy of wavelet power at each wavelet
levels. Figure 7 presents detail components of wavelet
levels of models 3 and 5 under loads resulting from ground
motions LA14 and SE04. The figure illustrates that the de-
noise signals can be extracted using the wavelet analysis; it
is clear that the wavelet levels five and six comprise the
maximum displacements of frames’ roofs. Furthermore, the
noises contaminated the signals from wavelet’ levels one to
four. In addition, the maximum movements of roofs of
models 3 and 5 are occurred at times 4.66 and 10.42 sec.,
respectively, with LA0O4. Similarity, the performance of two
models under SE14 is almost the same, clear signals are

shown at levels five and six, and the maximum
displacements of models 3 and 5 are observed at 8.48 and
13.6 sec., respectively. These results reveal that the reaction
of model 3 for absorbed sudden loads is high.

Furthermore, the energy of wavelet power at each
wavelet levels are calculated and presented in Figure 8.
Here, the detail components of signals are used only to
rebuild the signals and calculate the energy of each detail
reconstructed signals. The wavelet energy of model 3
performance under LA 28 and SE28 are implemented and
presented in Figure 8.a and Figure 8.b, respectively. As it
can be seen in Figure 8.a, the energy of level 6 is dominant,
and arguably, it can be concluded that the high power of
wavelet can be obtained from level 6 contents. However,
level five still has some significant wavelet power, but it is
clear that the power energy of other levels can be neglected.
Meanwhile, the performance of model 3 under SE28, Figure
8.b, is seen different, the wavelet levels five and six are
shown high significant, and arguably, the two levels possess
almost same effectiveness to extract the model behavior in
the time and frequency domains. Furthermore, the
comparison between the performances of wavelet energy
under two seismic loads imply the effectiveness of this
method to evaluate the models behaviors; the energy of
level six of model 3 under both seismic loads, LA28 and
SE28, refer to the performance of model under SE28 is
better than its performance under LA28, the energy of
signals with SE28 is lower than that observed with LA28.

And the sharp change of wavelet energy is seen clearly
under LA28. Therefore, the wavelet energy can be used to
assess the behavior of models.

For that, the total and density of wavelet energy of five
models are calculated and presented in Figures 9 and 10
under seismic LA28 and SE28. Figures 9.a and 9.b
demonstrate the total energy of five models under LA28
and SE28, respectively. The cumulative energy with time is
presented in the figures. From Figure 9.a, it can be seen that
the total energy performance of models 3 and 5 are smaller
than that obtained for the other models. Therefore, the
models 3 and 5 are attained to resist the seismic loads. The
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Fig. 9 Total energy of five models under (a) LA28 and (b) SE28

best model performance under LA28 is model 5 and the
worst is model 2. Similarly, the models 3 and 5
performances are achieved under seismic SE28, while the
performance of model 3 is seen better than model 5. Also, it
can be shown that the performance of model 2 is the worst.
Furthermore, the total energy performances of models
illustrate the effect of seismic properties on the energy
values.

In addition, the energy density of signals power is
calculated under LA28 and SE28 and presented in Figure
10. And the linear fitting parameters of the energy density
of the models are presented in Table 7, where energy
density=a*(time)+b; here, a and b are the linear fitting
parameters. The smallest parameters indicate the
performance of the model should be a low probability of
failure under seismic loads. The maximum density of
models 1,2,3,4, and 5 are 2.67e+5, 3.13e+5, 1.73et5,
2.15e+5, and 1.02e+5, respectively under LA28 seismic
loads. And, the maximum density of models 1,2,3,4, and 5
are 2.37et5, 3.38et5, 7.32¢+4, 9.97et+4, and 8.51+4,
respectively, under SE28 seismic loads. Furthermore, the
maximum density is occurred at times 4.64, 4.56, 4.5, 5.76,
and 6.5 sec with models 1,2,3,4, and 5, respectively, under
LA28; whereas the times of maximum densities of models
1,2,3,4, and 5 are 10.78, 10.96, 10.64, 28.86, and 7.06 sec,
respectively for the SE28 seismic loads. Moreover, the
period of wavelet density to release is 21.14, 23.20, 5.98,
23.82, and 5.14 sec for models 1,2,3,4 and 5, respectively,
under LA28 and 49.14, 46.4, 10.56, 54.5, and 11.92 sec
under SE28 loads, respectively. In addition, the evaluation
of linear fitting shows that the lowest parameters are
observed at models 3 and 5 under both seismic loads, and
models 3 and 5 are also shown the best performance under
seismic SE28 and LA28, respectively. Consequently, it can
be concluded that the models 3 and 5 accomplish to
decrease the signals power energy and density, while model
4 performances under LA28 and SE28 is shown worse in
term of absorption of motion effect.

From these results, it is clear that the wavelet energy and
density are able to estimate the performance of five frames,

but we cannot distinguish between the performance of
models 3 and 5; which model is the better and which is the
worse. The above results reveal that the two models, 3 and
5 are better than other models. The performance of model 5
is seen well under LA28 load, whereas the performance of
model 3 is shown best under seismic load SE28. Herein, it
should be mentioned that the characteristics of ground
motions may affect the performance of wavelet energy
calculations.

To calculate the wavelet variance, the reconstructed
signals are used to calculate CWT. Figure 11 demonstrates
the variance components of models under four seismic
loads. The time series of variance is presented in the figure.
Here, the maximum variance of 1,2,3, 4 and 5 models’
performances with LA14 are 9.87e+6, 1.0le+7, 1.07e+6,
1.23e+7, and 2.98e+6 mm?2, respectively. In addition, the
variance is released within 31.7 sec for models 1, 2 and 4;
while it takes 17.86 sec with models 3 and 5. Furthermore,
the performance of five models are seen similar under
LA28, the maximum wavelet variance is shown high and
low with models 4 and 3, respectively, while the five
models take the same time to release the load effect. This
indicates that the performance of models 3 and 5 are good
to reduce the wavelet variance with time, but model 3 is
better under LA ground motion effect. Similarly, the
performance of five models has no changes under the
seismic load SE04 and SE28. For SE04, the maximum
variance of models 1, 2, 3, 4 and 5 are 2.62¢+7, 1.68e+7,
9.28e+5, 2.64e+7, and 1.24e+6 mm?2, respectively. The
maximum wavelet variance of models 1,2,3,4 and 5 are
4.27e+7, 4.57e+7, 4.39¢+6, 1.87e+7, and 1.17¢+7 mm2,
respectively. Furthermore, models 1, 2, and 4 take 44.48 sec
to release the load affect under SE04 ground motion, while
models 3 and 4 take 23 sec only. Releasing time is 56.32 sec
for models 1 and 2, and 17.26 sec for models 3 and 5; while
the response of model 4 is seen affected and obvious
movement is seen after seismic load affect. These results
reveal that the performance of mode 4 is worse under four
seismic loads. In addition, the performance of model 3
outweighs the performance of model 5 under different
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Table 7 Linear fitting parameters of models’ energy
densities

LA28 SE28
Model a(e?) b (%) a(e?) b (™)
1 -14.0 6.4 -83 5.1
2 -17.0 7.6 -12.0 6.8
3 -3.7 1.6 -1.7 1.1
4 -6.4 3.0 0.92 1.6
5 -3.0 1.3 -2.0 1.1

ground motions. In addition, the wavelet variance has not
affected by the ground motions’ characteristics. Thus, the
performance of model 3 is better than other models in two
factors variance and release effective in the time.

In summary, the results that presented in Min (2017)
concluded that the models 3 and 5 performance are better
than other models performances based on traditional
measurements analyses. He summarized the behavior of
five models in the time domain using the behavior of each
story of the building; roof displacements, dominant
frequency, and base shear evaluations under forty ground
motions. His study considered forty ground motions to
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Fig. 10 Energy density of five models under (a) LA28 and (b) SE28

estimate the best model. The results of this study conclude
that the behavior of model 3 is better than other models in
wavelet power and variance with considering these
influences on the measurement time under four ground
motions only. Wavelet energy and density can be used to
estimate the better model based on cumulative wavelet
energy and absorption motion affect using wavelet density.
The wavelet variance can be used to estimate the
performance and effect of models along the monitoring time
under different ground motions properties. Therefore, the
wavelet variance is a reliable tool that can be used to assess
the behavior of structures under seismic loads.

4. Conclusions

This study investigates to use the wavelet variance and
energy of roof displacement of nine-story CFS with five
damage mitigation systems as a novel evaluation system for
control systems of structures in the frequency domain.
These models, basic (Model 1), reinforced (Model 2),
bracing (Model 3), lead rubber bearing (LRB) (Model 4),
and composite (Model 5) moment frames are evaluated and
assessed under four ground motion effects. The Lose
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Fig. 11 Wavelet Variance of models under seismic’ motions

Angeles (LA14 and LA28) and Seattle (SE04 and SE28)
ground motions have been selected and used in the current
study. The OpenSEES finite element models are designed
and used to extract the model’s behaviors. The discrete
wavelet transforms (DWT) and continuous wavelet
transform (CWT) are used and integrated to extract the
wavelet energy and wavelet variance, respectively. The
following conclusions are obtained:

The evaluation of displacement measurements of five
models and conclusion of Min (2017) results show that the
minimum amplitude is observed at models 3 and 5 under
forty ground motions of LA and SE earthquakes. In
addition, the maximum frequency is observed in model 3.
These indicate that the performance of model 3 is more
stability in the frequency domain. In addition, the behavior
of model 5 is better than other models in the time domain.

The DWT can be used to extract the real behavior of
structures, the detail wavelet component reflects the
dynamic frames’ behaviors. The detail components of
wavelet levels of models 3 and 5 under loads of ground
motions LA14 and SE04 show that the de-noise signals can
be extracted using the wavelet analysis. The wavelet
decomposition shows that the displacement response of
models 3 and 5 are decreased higher than other models. The
evaluation of wavelet energy for the five models under

seismic LA28 and SE28 show that the models 3 and 5
behaviors are lower than other models, while the
performance of model 3 is better than model 5 under SE28
ground motion. Moreover, the wavelet density evaluation
illustrates that the performance of model 5 is better under
LA28, whereas the performance of model 3 is best under
seismic load SE28. The reconstruction signals are used to
calculate the wavelet variance using CWT; and the results
show that the behavior of model 3 is clearly better than that
for other models in wavelet variance over the measurement
time under different seismic loads. Therefore, the wavelet
variance is a reliable tool that can be used to assess the
behavior of structures under seismic loads.
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