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1. Introduction

Abstract. Modal parameters of large civil engineering structures such as Modal Damping
Ratios (MDRs) are determined mainly through output-only modal identification. In this
paper, MDRs of a double-layer grid were obtained using output-only modal identification.
For this purpose, a double-layer grid constructed of a ball-joint system was tested. Through
some random tapping on the structure, the acceleration response in multiple locations
was measured. The acquired data were processed using output-only modal identification
to arrive at MDRs. The MDRs corresponding to the first eight modes of the grid were
extracted by five output-only modal identification techniques, namely Enhanced Frequency
Domain Decomposition (EFDD), Curve-fit Frequency Domain Decomposition (CFDD),
and three different methods of data-driven stochastic subspace identification. To determine
the appropriate model order used in SSI methods, sensitivity analysis was carried out and
the resulting number of orders was 200. The proper frequency resolution of 1600 was
determined to estimate the MDRs of the grid by EFDD and CFDD. The results showed
that the MDRs of the grid obtained from different methods were in good agreement with
each other. The grid has very low MDRs because the MDRs of the modes measured using
different methods varied from 0.06% to 0.11%.

(© 2021 Sharif University of Technology. All rights reserved.

there are many joints with complexities such as the
presence of different materials, the bolt and pre-stress

Double-layer grids constitute an important family of
space structures. A double-layer grid consists of two
parallel layers of elements that are connected together
with web elements. High stiffness to weight ratio,
ease and speed of handling, and favorable architectural
appearance are the reasons why these types of struc-
tures are widely employed to cover large spans with-
out any intermediate support. In double-layer grids,
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force, and the gaps between contact components [1].
Although double-layer grids are becoming widespread
today, their dynamic behavior has not been sufficiently
studied.

One of the important factors influencing the
dynamic behavior of a structure is its damping. The
significance of damping lies in its maximum dynamic
response to a certain excitation and in determining
the number of vibration cycles required to reduce
the dynamic amplitude. Owing to the complexity of
the damping mechanisms and several sources used for
damping in a structure, it is often not possible to
give a proper analytical estimate; hence, experimental
tests are required [2,3]. The most common method
of experimental tests for structural vibration is modal
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testing in which the effect of all different damping
mechanisms is incorporated using an Modal Damping
Ratio (MDR) for each vibration mode [4].

Experimental determination of the MDR as one
of the structural parameters can be done through:

1. Input-output modal identification;

2. Output-only modal identification.

The MDRs in the input-output identification methods
are determined based on input excitation and output
response of a structure. However, the MDRs in the
output-only modal identification are determined only
by output response measurements. Given the input-
output modal identification must be done by control-
ling the input, it is often used in the lab environment.
However, the modal identification of large structures
such as double-layer grids must be determined by the
output-only modal identification method.

There are numerous references that perform
damping estimation through output-only modal iden-
tification method. Bajric et al. [5] determined the
damping of a two-degree-of-freedom system using dif-
ferent time-domain output-only modal identification
methods. The results showed that there were notable
differences in accuracy of different techniques. For
example, one can make a reference to damping es-
timation in civil structures including Qingzhou cable
suspension bridge in China [6] and Tennessee steel arc
bridge in America [7]. Rainieri et al. [8] determined
damping of the Tower of the Nation, Naples using
output-only methods of data-driven stochastic system
identification (SSI-DD), covariance-driven stochastic
subspace identification (SSI-COV), and Enhanced Fre-
quency Domain Decomposition (EFDD). Their results
revealed an insignificant difference in MDRs identified
using various methods. Bajric et al. [9] studied the
sensitivity of damping estimates of closely spaced
modes for two output-only methods of Eigensystem
Realization Algorithm (ERA) and Frequency Domain
Decomposition (FDD). They also investigated the re-
liability and accuracy of damping estimation using
the two methods and concluded that the ERA was
a more robust technique for estimating damping than
the FDD. Gomaa et al. [10] obtained the MDRs for a
two-story steel frame using EFDD and SSI methods.
Their results showed that the MDR estimated by the
EFDD was approximately twice the estimated value
of the SSI. Bajric et al. [11] determined the MDR for
an offshore wind turbine tower by the ERA, EFDD,
and SSI-Cov methods. The results of their study
revealed that the SSI-Cov method was more efficient
in estimating damping than the two other methods.
They also investigated the effects of noise in signal,
measurement time, vibration amplitudes, and station-
arity of the response on damping estimation. Kudu

et al. [12] determined the MDRs of a three-story steel
building using EFDD and SSI methods. Their results
showed that although the change in natural frequencies
was very insignificant, the MDRs varied considerably.
Further examples of the quality of damping estimates
through output-only methods can be found in [13,14].
Typically, modal damping estimates through output-
only methods show greater dispersion than the esti-
mates of the mode shape and natural frequency. The
conducted research shows that there is no agreement
on the accuracy and dispersion of damping estimates
identified by different output-only methods. In some
references such as [15,16], damping estimates with the
output-only methods are often considered undesirable
and inaccurate. Some other references including [17]
revealed that damping estimates using the output-only
method had high reliability and acceptable accuracy.

This paper focuses on the damping estimates
of a double-layer grid constructed of the ball-joint
system through output-only modal identification and
determines whether the MDRs identified using different
methods show significant dispersion or not. A compar-
ison of five existing output-only techniques was made
in providing damping estimates.

2. Double-layer grid

Regarding the laboratory constraints and considera-
tions for real structures, a double-layer grid with a
two-way on two-way configuration and the ball-joint
system was constructed. The general dimensions of
the grid in plan are equal to 565.6 cm X 424.2 cm
and its height (distance between the top and bottom
layers) is 100.0 cm. As shown in Figure 1, the bottom
layer of the grid includes three spans of 141.4 cm in an
extension and four spans of 141.4 cm perpendicular to
it. The grid consists of 96 steel pipes (with an outer
diameter of 7.64 cm and a thickness of 0.35 cm) and
32 balls. All components (members and balls) used to
construct the grid are identical and the same as those
used in practice. The total weight of the structure is
approximately 8550 N [18].

To minimize the effects of supporting conditions
on the modal parameters, the grid was tested in a free
boundary condition. The grid was suspended by four
springs from four nodes with the least average modal
displacement.

3. Data acquisition

The equipment used to perform the modal testing
includes a 4-channel B & K PULSE 3560 C spectral
analyzer and 3 DJB (A/120/V) accelerometers.

In order to conduct output-only modal testing,
the acceleration responses of 3 accelerometers were
simultaneously measured and required in the identifi-
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Figure 1. (a) general view and (b) plan of the
double-layer grid [18].

cation process. The accelerometers should be installed
in a node with the maximum average acceleration re-
sponse. A corner ball of the bottom layer of the grid is
characterized by the above property. By applying some
random tapping to the grid, the resulting response
was measured through three attached accelerometers
in all of the three horizontal X, horizontal Y, and
vertical Z directions. The tapping was applied acci-
dently to different nodes in different directions. Given
that determining the mode shapes of the grid was
not the case, measuring the response of one node
was sufficient. According to Eq. (1), the maximum
measurement duration should fulfill the requirement
such that [19]:

T > 10/(fmin X 5)7 (1)

where T is the response measurement duration, £ is
the MDR, and fu, is the lowest natural frequency
of the structure. The use of information extracted
from initial tests and Eq. (1) resulted in a record
length of 840 s. The RMS levels of the acceleration
responses ranged from 26 to 68 mm/s? with a median
of 42 mm/s?. The maximum peak values for the
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Figure 2. Power Spectral Density (PSD) function of
acceleration responses in X, Y, and Z directions.
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Figure 3. Cross Spectral Density (CSD) function of
acceleration responses.
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Figure 4. Coherence function of acceleration responses.

acceleration responses ranged from 0.6 to 1.5 m/s?.
The response sampling time step is 0.00195 s. The
acceleration responses were measured at a rate of
512 Hz, resulting in the Nyquist frequency of 216 Hz,
which is higher than the largest natural frequency of
interest, that is, 100 Hz.

Figures 2 and 3 show the Power Spectral Density
(PSD) and Cross Spectral Density (CSD) of responses.
The coherence function of responses is given in Fig-
ure 4. In a well-made measurement, the coherence is
unity around resonances as given clearly in Figure 4.
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4. Data processing

The acquired responses from the output-only modal
testing were processed via the time domain SSI-DD
and frequency domain EFDD and CFDD methods for
modal parameter extraction. All estimations were
carried out using ARTeMIS Modal 4.0 software [20].
There are three various SSI algorithms in this soft-
ware: Unweighted Principal Component (SSI-UPC),
Principal Component (SSI-PC), and Canonical Variate
Analysis (SSI-CVA), all of which have been applied
to the estimation of modal parameters. The only
significant difference between different SSI algorithms
is the choice of weight matrices. Common SSI input
matrix is pre- and post-multiplied by the aforemen-
tioned weight matrices to determine system matrices,
as used for extraction of modal parameters. For
a detailed description of the methods, readers are
referred to [21,22]. The following is a brief description
of the methods used.

SSI: SSI is a parametric time-domain method based
on a state-space description of the dynamic problem.
The SSI method was proposed by van Overschee and
DeMoor. Peeters and De Roeck [23] used SSI to iden-
tify the modal parameters of engineering structures.
Brincker and Andersen [24] formulated the mathemat-
ical concepts in SSI using simpler expressions. In
this method, the dynamic equilibrium equation of
a structure was rewritten as a state-space equation.
Next, the system matrices were obtained by numerical
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techniques such as QR decomposition, Singular Value
Decomposition (SVD), or the least squares method.
The modal parameters of the structure were deter-
mined using these matrices. In this method, the main
parameter that affects the estimated modal parameters
is the model order. The model order is actually the
number of block rows in Hankel matrix. Rainieri and
Fabbrocino [25] investigated the influence of model
order on the accuracy of estimates via SSI. Reynders
and De Roeck [26] suggested an equation to assign a
low limit value to model order, which is a function of
the sampling frequency, the lowest natural frequency
of interest, and the number of measurement channels.
Based on the use of their proposed equation and the
results obtained from the initial tests, the lowest model
order of 100 was obtained and used in modal iden-
tification. Brincker and Andersen [24] recommended
conducting sensitivity analysis with respect to the
model order to perform optimized modal parameter
estimations. Therefore, sensitivity analysis for a range
of 100 to 200 of model order values was conducted
to identify the MDRs of the grid. The stabilization
diagram of the output-only modal testing was plotted
for the model order of 100 in Figure 5. A stabilization
diagram is a graphical tool used to facilitate manual
selection of the poles that are more likely to represent
the physical modes of the structure. Stable, unstable,
and noisy poles can be distinguished in accordance
with the so-called stabilization criteria. The criteria for
stable modes include maximum deviations of 0.0256 Hz
from natural frequencies, 5% damping ratios, and 5%
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Test setup: Grid Unweighted principal components

1004 = Ll = . .
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Figure 5. Stabilization diagram of modal testing for the model order of 100.
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for MAC values between the modes which increase the
system order;

EFDD: Compared to FDD, its enhanced version
adds a modal estimation layer. The modal estimation is
divided into two steps. The first step is to perform the
FDD peak picking, while the second step is to use FDD
identified mode shapes to identify the Single Degree Of
Freedom (SDOF) spectral Bell functions. An SDOF
correlation function is obtained by transferring the
SDOF spectral Bell to the time domain. Then, through
simple regression analysis, the estimates of both nat-
ural frequency as well as MDRs are obtained [27,28].
Tamura et al. [29] investigated the effect of frequency
resolution on MDR estimates when the EFDD pro-
cedure is applied. It was shown that the estimated
MDRs for all identified modes decreased when the
frequency resolution improved. This result is true for
all frequency-domain methods including CFDD. In this
study, four different resolutions of 400, 800, 1600, and
3200 are considered in the frequency range of 0 to
100 Hz. Figure 6(a) shows the Average Normalized
Power Spectral Density (ANPSD) of the measured
responses for different resolutions. Figure 6(b) holds
the same data as the previous one with a magnification

Resolution=400
------ Resolution=800
e Resolution=1600
—— Resolution=3200

Magnitude (dB)

0 20 40 60 80 100
Frequency (Hz)

(a)

Magnitude (dB)

Resolution=400

Resolution=800
solution=1600

Resolution=3200

0 ‘ 2‘0 ‘ 4‘0 60 ‘ 8‘0 100
Frequency (Hz)
(b)
Figure 6. (a) Average Normalized Power Spectral
Density (ANPSD) of responses for various frequency
resolutions. (b) Magnification in the range of 80-10 Hz.

range of 80-100 Hz. As revealed before, with an
increase in the resolution, the peaks of the graph
become sharper and thus, the MDR decreases;

CFDD: The Curve-fit Frequency Domain Decom-
position adds a modal estimation, similar to EFDD.
The natural frequency and the MDRs of the mode are
estimated by curve fitting the SDOF spectral Bell using
frequency domain least-squares estimation. Since the
SDOF spectral Bell is free from the influence of other
modes, there is only a single eigenvalue and residue
to fit. The natural frequency and the MDR are then
extracted from eigenvalue [30].

5. Experimental results

The natural frequencies and the MDRs for the modes
of interest were extracted using the methods mentioned
in the previous section.

Upon using the SST algorithm, the optimal choice
of the model order affects the quality of modal pa-
rameter results. The natural frequencies and mode
shapes are practically identified with sufficient accu-
racy; besides, the initial analysis corroborated that
these parameters had not been affected upon significant
changes in the model order as MDRs. Thus, this study
directs its attention to sensitivity analysis of MDRs.
Figures 7 to 11 show the results of sensitivity analysis
of MDR estimates with respect to the model order,
which were obtained through SSI-UPC algorithm. In
these figures, Std. is the standard deviation of the
identified MDRs for each model order, which represents
the corresponding level of uncertainty. For the order
of n, there are at most n values of identified MDRs,
which Std. is the standard deviation of these values.
As shown in these figures, the model order of 200 can be
chosen as the optimal model order except for the MDR
of the first mode. The MDR of the first mode identified
via all SST algorithms indicate a larger scatter than the
other modes, which can be due to the limitation of
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Figure 7. Variation of the Modal Damping Ratio (MDR)
corresponding to the fist mode with respect to different
model orders.
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Figure 9. Variation of the Modal Damping Ratio (MDR)
corresponding to the third mode with respect to different
model orders.
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Figure 10. Variation of the Modal Damping Ratio
(MDR) corresponding to the fourth mode with respect to
different model orders.

accelerometers in the frequency range of the first mode
of the grid.

In Tables 1 and 2, the results of the natural
frequency and the MDR estimates for the grid obtained
via SSI-UPC algorithm and different model order
values of 100 to 200 are reported. As stated before,
changes in the model order did not lead to significant
changes in identified natural frequencies. According to
Table 1, the natural frequencies of all modes except the
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Figure 11. Variation of the Modal Damping Ratio
(MDR) corresponding to the fifth mode with respect to
different model orders .

seventh mode identified MDR of the first mode for all
model orders. These results are true for the other two
SST algorithms. Although the MDRs of the first mode
are subject to large dispersion in Table 2, convergence
is obtained for the other modes.

Upon selecting the model order of 200 as the
optimal order, the natural frequencies and MDRs were
obtained via SSI algorithms for this model order and
the results of the estimates together with their standard
deviation values are given in Tables 3 and 4. In Table 3,
the natural frequency estimates in each mode are very
close to each other and the standard deviation is
quite closer to zero, which indicates that the estimated
results have a high level of certainty. According to
Table 4, the MDR estimates in good agreement with
each other are obtained from different SSI algorithms.
Moreover, the largest difference of MDR values associ-
ated with the first mode, as already mentioned, is owing
to the limitation of the accelerometers. Considerable
scatter in the natural frequency and MDR estimates in
the SSI-CVA algorithm result from the higher standard
deviation values. As such, the SSI-PC algorithm is
more efficient. However, the natural frequency as well
as the MDR corresponding to the seventh mode of the
grid were not identified using SSI algorithms.

In Tables 5 and 6, the natural frequency and
MDR estimates identified through EFDD and CFDD
are reported. In these tables, as previously stated, the
resolution has been considered within a range of 400 to
3200. Very good agreement between the estimates of
natural frequency obtained from the two methods can
be observed in Table 5. In particular, the minimum
difference of natural frequencies between the methods
is observed at a resolution of 1600, indicating that
this resolution is appropriate for the estimation of the
natural frequency. In Table 6, the MDRs estimated
through the EFDD and CFDD for all the identified
modes, except the first mode, decrease when the fre-
quency resolution improves. Moreover, on the contrary,
the MDR estimates of the first mode were identified by
the two methods and they had a significant difference,



624 S.R. Nabavian et al./Scientia Iranica, Transactions A: Civil Engineering 28 (2021) 618-628

Table 1. The natural frequency estimates of the grid identified via SSI-UPC.

Mode Order

number 100 110 120 130 140 150 160 170 180 190 200
1 3.64 3.63 3.65 3.67 3.66 3.66 3.65 3.67 3.67 3.67 3.67
2 65.74 65.75 65.74 65.74 65.74 65.74 65.74 65.74 65.74 65.74 65.74
3 75.88 75.87 75.90 75.90 7590 75.89 7590 75.89 75.90 75.90 75.90
4 7848 7849 78.48 78.48 78.48 7848 7847 78.48 78.48 7848 7848
5 88.24 88.29 8R8.28 88.27 88.28 88.28 88.28 8R8.28 88.28 88.28 88.28
6 93.17 93.14 93.11 93.11 93.09 93.08 93.08 93.09 93.06 93.08 93.08
7 94.33  94.34 94.35 94.34 94.33 — — — 94.36 — —
8 99.33  99.31 99.31 99.34 99.32 99.29 99.26 99.25 99.29 99.28 99.28

Table 2. The Modal Damping Ratio (MDR) estimates of the grid identified via SSI-UPC.

Mode Order
number 100 110 120 130 140 150 160 170 180 190 200
1 271 269 210 249 233 1.78 1.81 1.13 1.24 0.98 1.03
2 0.07 0.07 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.06 0.06
3 0.10 0.15 0.12 0.12 0.11 0.11 0.11 0.10 0.10 0.10 0.10
4 0.17 0.14 0.12 0.11 0.11 0.13 0.11 0.11 0.11 0.11 0.11
5 0.15 0.12 0.09 0.08 0.07 0.07 0.06 0.06 0.06 0.06 0.06
6 0.17 0.08 0.09 0.10 0.11 0.09 0.09 0.08 0.09 0.09 0.08
7 0.08 0.07 0.06 0.06 0.05 — — —  0.06 — —
8 0.19 0.19 0.16 0.18 0.18 0.15 0.15 0.12 0.10 0.11 0.10

Table 3. The natural frequency estimates of the grid together with their standard deviation identified via the Stochastic
System Identification (SSI) algorithms.

Method
Mode UPC PC CVA
number Freq. Std. freq. Freq. Std. freq. Freq. Std. freq.
(H2)  (Hz) (H2)  (Hz) (H2)  (Hz)
1 3.67 0.00 3.68 0.00 3.68 0.00
2 65.74 0.00 65.75 0.00 65.75 0.09
3 75.90 0.01 75.89 0.00 75.90 0.02
4 78.48 0.00 78.49 0.00 78.49 0.01
5 88.28 0.00 88.29 0.02 88.29 0.00
6 93.08 0.01 — — —
7 - - - - -
8 99.28 0.02 99.29 0.01 99.29 0.01

Table 4. The Modal Damping Ratio (MDR) estimates of the grid together with their standard deviation identified via
Stochastic System Identification (SSI) algorithms.

Method
UPC PC CVA
Mode
number Damping Std. damping Damping Std. damping Damping Std. damping
(%) (%) (%) (%) (%) (%)
1 1.03 0.24 0.35 0.06 0.32 0.23
2 0.06 0.00 0.06 0.00 0.09 0.13
3 0.10 0.01 0.10 0.00 0.10 0.02
4 0.11 0.00 0.10 0.00 0.09 0.01
5 0.06 0.00 0.06 0.01 0.06 0.04
6 0.08 0.01 — — — —
7 _ _ _ _ _ _
8 0.10 0.01 0.09 0.00 0.07 0.03
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Curve-fit Frequency Domain Decomposition (CFDD) (Hz).

Frequency resolution

Mode 400 800 1600 3200

number  pppp  CFDD EFDD CFDD EFDD CFDD EFDD CFDD
1 3.69 3.78 3.68 3.68 3.68 3.68 3.69 3.73
2 65.75 65.75 65.76 65.75 65.76 65.76 65.77 65.76
3 75.90 75.90 75.91 75.90 75.91 75.91 75.91 75.90
4 78.48 78.48 78.50 78.48 78.50 78.49 78.50 78.48
5 88.29 88.28 88.30 88.29 88.30 88.30 88.30 88.29
6 93.11 93.09 93.11 93.10 93.11 93.11 93.11 93.10
7 94.37 94.36 94.37 94.36 94.37 94.37 94.37 94.37
8 99.29 99.26 99.29 99.29 99.30 99.30 99.30 99.30

Table 6. The Modal Damping Ratio (MDR) estimates of the grid via Enhanced Frequency Domain Decomposition

(EFDD) and Curve-fit Frequency Domain Decomposition (CFDD) (%).

Frequency resolution

Mode 400 800 1600 3200
number  pppp  CFDD EFDD CFDD EFDD CFDD EFDD CFDD
1 4.01 18.33 2.04 2.00 1.14 5.71 0.70 13.99
2 0.21 0.17 0.13 0.11 0.09 0.08 0.08 0.07
3 0.21 0.17 0.13 0.12 0.11 0.10 0.10 0.09
4 0.22 0.15 0.15 0.10 0.10 0.09 0.09 0.08
5 0.15 0.13 0.09 0.09 0.07 0.07 0.06 0.06
6 0.14 0.11 0.09 0.06 0.06 0.05 0.06 0.04
7 0.12 0.10 0.07 0.06 0.04 0.04 0.03 0.03
8 0.11 0.11 0.07 0.05 0.05 0.04 0.04 0.03
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while there was good agreement for the MDR estimates
of other modes. Likewise, the convergence of the MDR
estimates of the second to eighth modes can be ob-
served when the frequency resolution increases. How-
ever, there is no meaningful correlation for the MDR es-
timates of the first mode with the changes of resolution.

The difference between the MDR estimates of the
second to eighth modes via EFDD and CFDD methods
for different resolutions is illustrated in Figure 12.
These differences decrease mainly when the resolution
increases. The minimum difference between the MDR
estimates by the two EFDD and CFDD methods
was seen at a resolution of 1600, in which a similar
conclusion was achieved for the natural frequency.
Thus, this resolution was appropriate for identifying

the grid and the corresponding results were selected to
be compared with the results of the SSI algorithms.

6. Comparison and discussion

Based on a comparison of the results of natural fre-
quency and MDR estimates obtained by the frequency
domain methods (EFDD and CFDD) and time-domain
methods (SSI algorithms), it can be concluded that
time-domain methods managed to identify fewer modes
than the frequency domain methods. Table 7 shows
a comparison between the results provided by EFDD,
CFDD, and three SSI algorithms. Since the first five
modes of the grid were identified via all the methods,
a comparison was made for these modes. Of note,
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Table 7. Comparisons of the modal identification results.
Parameter Mode number SSI-UPC SSI-PC SSI-CVA EFDD CFDD
1 3.67 3.68 3.68 3.68 3.68
2 65.74 65.75 65.75 65.76 65.76
Natural frequency (Hz) 3 75.90 75.89 75.90 75.91 75.91
4 78.48 78.49 78.49 78.50 78.49
5 88.28 88.29 88.29 88.30 88.30
1 1.03 0.35 0.32 1.14 5.71
2 0.06 0.06 0.09 0.09 0.08
Damping ratio (%) 3 0.10 0.10 0.10 0.11 0.10
4 0.11 0.10 0.09 0.10 0.09
5 0.06 0.06 0.06 0.07 0.07
0.08 were considered for the grid. After applying an appro-
= 007 priate excitation to the grid, the acceleration responses
E 0.06 of the grid were measured. The MDR estimates of the
£ 0.05 grid were obtained by output-only modal analysis.
€ .04 A sensitivity analysis was performed to obtain
3 . . . ) )
2 0.03. the optimal model order for identification via the
2 0.02. Stochastic System Identification (SSI) algorithms and
2 ‘ the order of 200 was selected. Also, a frequency
0.01 . .
resolution of 1600 was chosen as an appropriate res-
0.00 5 3 4 5 6 7 g olution for this grid upon using the frequency domain

Mode number
Figure 12. The difference of the Modal Damping Ratio
(MDR) estimates obtained by Enhaced Frequency Domain
Decomposition (EFDD) and Curve-fit Frequency Domain
Decomposition (CFDD) methods.

Table 7 is constructed based on the model order of
200 for SSI algorithms as well as the resolution of 1600
for EFDD and CFDD methods. Very good agreement
among the estimated natural frequencies identified via
different methods can be observed, in which the highest
difference corresponded to the first mode being equal to
0.27%. The difference in the MDR estimates was higher
than in the natural frequencies due to the complicated
nature. Regardless of the MDR estimate corresponding
to the first mode, the results for third to fifth modes
were in good agreement, but there was a difference
rated at 50% for the MDR estimates of the second mode
obtained from the methods.

7. Conclusions

In this paper, the Modal Damping Ratio (MDR)
estimates of the first eight modes of a double-layer
grid with the ball-joint system were experimentally
determined. A physical model of the grid with necessity
conditions was constructed. Free boundary conditions

methods Enhanced Frequency Domain Decomposition
(EFDD) and Curve-fit Frequency Domain Decomposi-
tion (CFDD) for identification of the modal parameters
of the grid. The results of natural frequencies identified
via five different methods showed good consistency in
which the maximum relative difference between the
methods was 0.27%. Regardless of the MDR estimates
of the first mode, the MDRs identified by different
methods were close to other modes. A large scatter
in the estimates of the MDR was identified via output-
only modal analysis to which some of the references
referred were not observed in the present study. The
maximum estimate of the MDR identified via different
methods was 0.11% and such low damping of a double-
layer grid with nonstructural components under free
boundary conditions was reasonable.
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