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Structural Identification of a
Double-laver Grid

Constructing a physical model
of the Grid

| l

Doing Input-Output modal testingto |

Doing Output-only modal testing for two
types of direct and indirect excitation

N

Extracting the modal Extracting themodal
parameters of the Grid using parameters of the Grid using
t

arrive at reference values

Identification of reference

. modal parameters of the Grid
'wo time-domain methods of two frequency-domain

SSI-DD and SSI-Cov methods of EFDD and CFDD

—

Evaluation the accuracy of Output-only
modal identification methods

Fig. 1. The research flowchart
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Fig. 2. The double layer Grid made in a Laboratory
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Fig. 4. The two types of joints used in the double layer Grid: A)
ball joint, B) clamped joint
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CFDD
Mode EFDD CFDD
Number Direct Indirect Direct Indirect
1 7.92 7.92 7.92 7.94
2 8.00 8.13 8.00 8.14
3 12.73 12.75 12.73 12.75
4 71.40 71.37 71.30 71.37
5 77.02 77.75 77.02 77.13
6 78.43 78.32 78.43 78.30
7 101.05 101.00 101.00 101.00
Table 1. Natural frequencies (Hz) of the gird identified via EFDD
and CFDD
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CFDD , EFDD
Mode EFDD CFDD
Number Direct Indirect Direct Indirect
1 0.55 0.48 0.59 1.10
2 0.36 0.46 0.36 0.38
3 0.31 0.31 0.29 0.34
4 0.17 0.17 0.17 0.16
5 0.18 0.21 0.19 0.10
6 0.12 0.16 0.13 0.12
7 0.05 0.05 0.08 0.05
Table 2. Damping ratios (%) of the gird identified via EFDD and
CFDD
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Mode Direct Indirect

Standard Standard
Number  Average Deviation Average Deviation

1 7.94 0.02 7.93 0.01

2 8.07 0.09 8.14 0.01

3 12.75 0.02 12.75 0.00

4 72.08 0.84 71.34 0.05

5 77.63 0.70 77.27 0.32

6 79.13 0.82 78.38 0.09

7 101.06 0.06 101.05 0.06

Table 5. The averages of natural frequencies (Hz) as well as their
standard deviations for both types of loading

olon 4 Vs (aSd (Ao )3) ol slacs CLQ Jﬁb £ Jy

S §5 35 A 53 3lkl Gl il sl

Mode Direct Indirect

Standard Standard
Number  Average Deviation Average Deviation

1 0.55 0.03 0.62 0.32

2 0.37 0.01 0.36 0.08

3 0.28 0.03 0.32 0.04

4 0.17 0.01 0.18 0.01

5 0.16 0.03 0.15 0.05

6 0.12 0.01 0.13 0.02

7 0.06 0.01 0.07 0.02

Table 6. The averages of damping ratios (%) as well as their
standard deviations for both types of loading
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SSI-Cov , DD
Mode SSI-DD SSI-Cov

Number Direct Indirect Direct Indirect
1 7.97 7.93 7.95 7.93
2 8.18 8.13 8.08 8.14
3 12.76 12.75 12.76 12.75
4 72.79 71.36 72.82 71.27
5 78.28 77.08 78.18 77.11
6 79.98 78.40 79.68 78.50
7 101.14 101.10 101.04 101.10

Table 3. Natural frequencies (Hz) of the gird identified via SSI-
DD and SSI-Cov

SSI- o s, 5l el ol plulis (Ao y3) ol slacnd ¥ J g

SSI-Cov , DD
Mode SSI-DD SSI-Cov
Number Direct Indirect Direct Indirect
1 0.51 0.47 0.55 0.43
2 0.37 0.30 0.38 0.30
3 0.23 0.36 0.27 0.27
4 0.19 0.19 0.16 0.18
5 0.15 0.16 0.13 0.12
6 0.11 0.11 0.10 0.11
7 0.06 0.09 0.06 0.08

Table 4. Damping ratios (%) of the gird identified via SSI-DD
and SSI-Cov
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Table 8. The averages of damping ratios (%) as well as their
standard deviations for both time and frequency methods
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Time Domain Frequency Domain

Mode

Standard Standard
Number  Average Deviation Average Deviation

1 7.95 0.02 7.93 0.01

2 8.13 0.04 8.07 0.08

3 12.76 0.01 12.74 0.01

4 72.06 0.86 71.36 0.04

5 77.66 0.66 77.23 0.35

6 79.14 0.81 78.37 0.07

7 101.10 0.04 101.01 0.02

Table 7. The averages of natural frequencies (Hz) as well as their
standard deviations for both time and frequency methods

ol yon s Vo5 (64 (Ao )3) ol Slacs C,L.s JKJLA A Jgo>

Lolew 5 0l (e sla 2y 53 s kil Gl il slie

Time Domain Frequency Domain
Mode
Number  Average Star]da}rd Average Star]da}rd
Deviation Deviation
1 0.68 0.28 0.49 0.05
2 0.39 0.05 0.34 0.04
3 0.31 0.02 0.28 0.06
4 0.17 0.01 0.18 0.01
5 0.17 0.05 0.14 0.02
6 0.13 0.02 0.11 0.01
7 0.06 0.02 0.07 0.02
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Fig. 7. (a): A sample of Frequency Response Function (FRF) of the grid, (b): their correlation function
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(1) s 513851 55 L

Mode Number EFDD CFDD SSI-DD SSI-Cov

1 -0.13 -0.13 0.5 0.25
2 0.38 0.38 2.63 1.38
3 0.16 0.16 0.39 0.39
4 -0.24 -0.38 1.70 1.75
5 -0.23 -0.23 1.40 1.27
6 -0.31 -0.31 1.67 1.28
7 0.05 0.00 0.14 0.04

Table 10. The relative difference between natural frequences
estimated via output-only identification methods and base values
in direct-typed loading

ﬂbwbw—ﬁ)f L;L%;J)MJALVA{J&:&»&@\_&)&:}\.\\ d}.\?

(1) s o 510551 55 L

Mode Number EFDD CFDD SSI-DD SSI-Cov

1 -0.13 0.13 0.00 0.00
2 2.01 2.13 2.01 2.13
3 0.31 0.31 0.31 0.31
4 -0.28 -0.28 -0.29 -0.42
5 0.71 -0.09 -0.16 -0.12
6 -0.44 -0.47 -0.34 -0.22
7 0.00 0.00 0.10 0.10

Table 11. The relative difference between natural frequences
estimated via output-only identification methods and base values
in indirect-typed loading
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Mode Number EFDD CFDD SSI-DD SSI-Cov

1 -11.30 -4.84 -17.7 -11.29
2 -10.00 -10.00 -7.50 -5.00
3 0.00 -6.45 -25.8 -12.9
4 21.43 21.43 35.71 14.29
5 38.46  46.15 15.38 0.00

6 7143 8571 57.14 42.86
7 -16.70  33.33 0.00 0.00

Table 12. The relative difference between damping ratios
estimated via output-only identification methods and base values
in direct-typed loading
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Mode Natural Frequency Damping Ratio
Number (H2) (%)
1 7.93 0.62
2 7.97 0.40
3 12.71 0.31
4 71.57 0.14
5 77.20 0.13
6 78.67 0.07
7 101.00 0.06

Table 9. The identification results of the grid using input-output
modal analysis
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Fig. 8. Natural frequencies identified via various methods
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Fig. 10. Damping ratios identified via various methods in indirect-
typed loading
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Mode Number EFDD CFDD SSI-DD SSI-Cov
1 0.87 0.89 0.86 0.88
2 0.88 0.89 0.87 0.88
3 0.99 0.99 0.99 0.99
4 0.99 0.98 0.97 0.99
5 0.91 0.90 0.89 0.87
6 0.93 0.93 0.95 0.89
7 0.89 0.90 0.87 0.89

Table 14. The MAC values between output-only identification
methods and base values in direct-typed loading

! Modal Assurance Criterion

oY

(1) pofits SIS s s

Mode Number EFDD CFDD SSI-DD SSI-Cov
1 -22.60 77.42 -24.20 -30.65
2 15.00 -5.00 -25.00 -25.00
3 0.00 9.68 16.13 -12.90
4 21.43 14.29 35.71 28.57
5 61.54 -23.08 23.08 -7.69
6 128.6 71.43 57.14 57.14
7 -16.70 -16.67 50.00 33.33

Table 13. The relative difference between damping ratios
estimated via output-only identification methods and base values
in indirect-typed loading

Sl 35 S8 5 b el 4 Cored gl e S
Godkd pluld SAS| (el 6 VL Cnkas oo (Sax 2
5 omln glrage Gold b ol 25 (Gt JB 2l
L i Bdas Lm0 ) Sl el SO o8 g 50
e s el s 4 L S ol b Bl e (5 5le
e S Ul DL Ll s jls o illas [56] 5 [55]
At plas glalles 5 Js 4 Lgim s 2 0oLl
P30 3 e e S VL Gl glange s o sl w
O S LT T

Lo s 2 il sla iy 5l el plalid ol e uolie
SlaliS,b 4 by o (INOU) 5 255555 o3 3
osl> QL (V0) 5 () sla IS5 s 5 5 4 el 28 5 el
3200 gl b e ST e Sl ps el ol
el 35 IS L g 5

.19).1]« Jl)}.ﬁMM&MJ}J)‘AM@@@&'ﬂ)‘)}N QJS.-:

s ($O1ISL @
0.7 q
06 1
i\c/ 0.5
% 04 | = EFDD
‘fﬂ CFDD
03 SSIDD
g 0.2 4 SSI-Cov
u In-Out
0.1 I I I
1 alin
1 2 3 4 5 6 7
Mode Number

Fig. 9. Damping ratios identified via various methods in direct-
typed loading
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Fig. 11. The MAC diagram between identified mode shapes by
EFDD and the corresponding base values in direct-typed loading
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Fig. 12. The MAC diagram between identified mode shapes by
EFDD and the corresponding base values in indirect-typed loading
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Mode Number EFDD CFDD SSI-DD SSI-Cov
1 0.86 0.87 0.85 0.87
2 0.87 0.88 0.86 0.86
3 0.97 0.99 0.99 0.98
4 0.99 0.98 0.98 0.99
5 0.89 0.89 0.90 0.88
6 0.90 0.92 0.93 0.89
7 0.89 0.89 0.87 0.88

Table 15. The MAC values between output-only identification
methods and base values in indirect-typed loading
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Parameter _ EFIZ_)D_ _ CFIZ_)D_ _ SSI-!DD_ _ SSI-(_:ov_
direct indirect direct indirect direct indirect direct indirect

Natural Frequency 0.21 0.56 0.23 0.49 1.21 0.46 0.91 0.47
Damping Ratio 24.18 37.97 29.7 31.08 22.76 33.04 12.33 27.9
MAC 0.92 0.91 0.93 0.92 0.91 0.91 0.91 0.91

Table 16. The average relative error of natural frequencies and damping ratios as well as MAC values identified via various methods and the
corresponding base values
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Abstract

A double-layer grid has a complex behavior due to a large number of elements and a particular type of joints; hence,
structural identification of this type of structure is an important issue, which refers to the determination of natural frequencies,
mode shapes, and damping ratios. These results are necessary to complete the structural health monitoring, finite element
model updating and damage detection. Due to the limitations of input-output methods, modal parameters of civil engineering
structures such as bridges, dams, tall buildings, and double layer grids are determined mainly by output-only modal
identification. In this work, physical model of a ball jointed double-layer grid with dimensions of 2.8 m at 2.8 m, which is
supported on four steel pipes in four corners was made in the laboratory. The grid consists of 32 members connected together
with 13 balls, each having ten threaded holes at different angles. each member consists of a middle pipe and connecting parts
including conical piece, sleeve and high strength bolt at both ends of the pipe. The middle pipe has the nominal length,
diameter and thickness of 120 cm, 7.64 cm and 0.35 cm, respectively. The horizontal center to center distance of adjacent balls
in each layer of the grid is 1.414 m and the total height of the structure includes the column length (1.3 m) and the distance
between the top and bottom layers (1 m), which is equal to 2.3 m in total. The approximate weight of the structure is 3532 N.
All the members and the balls used in the grid are identical. After all the members of the grid have been assembled, the bolt at
each joint is tightened in a series of steps by twisting the corresponding sleeve. Exciting the grid, its acceleration response was
measured. The modal parameters were obtained using four output-only modal identification techniques; namely enhanced
frequency decomposition (EFDD), curve-fit frequency domain decomposition (CFDD), data-driven stochastic subspace
identification (SSI-DD) and covariance-driven stochastic subspace identification (SSI-Cov). Two types of excitations were
used in output-only modal tests, namely direct and indirect excitations. Since the modal parameters obtained via input-output
modal analysis have less uncertainty compared to the output-only modal analysis techniques, an input-output modal test was
also performed and the results are considered as reference values. The results showed that the natural frequencies and mode
shapes of the double-layer grid were estimated with a high accuracy via the four methods. The greatest relative difference
between the natural frequencies belonged to the second mode and equaled 2.07%. The dispersion of estimated damping was
much higher compared to natural frequencies and mode shapes. Among the 4 methods, SSI-Cov had the least error in damping
estimation of the double-layer grid. The values of estimated modal damping ratios were relatively low (fraction of 1%). The
mean relative error of the identified parameters showed that the time-domain methods estimated the damping ratios with less
error; While the frequency-domain methods identified natural frequencies and mode shapes with higher accuracy.

Keywords: Double-layer grid, Structural identification, OMA, Time-domain methods, Frequency-domain methods.
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