V¥ ¥ JL.» ) D)Looj-' N0 092

OA L Y0 St

- o A Gl ) SaS 4 Olay S 0 g s b Y50 402 G ol oLl

T3l Losdame U5 S5 ol O pilaan el 0L 55 gee p

(8350 bl ) T oKl g 5 g6 0SSl Ol e 03,8 Slslzad L)
O s el R1s Ol jos diga 03 S lskl Y

Rl Sl s s o Ol s wikige oAl bl X

Bl Sl s s oK Ol jas dige 0 a1 Ll ¥

nabavian@abru.ac.ir :J s sk 5 asbll,

VPO i B R YN 3l

oS>

Al e Laciin sl slp 200 2 5 by gbesle doajlcdites J8LaS (slaosle 51 age 4iwd 45 Ol 58 05y (s b sl b V55 oSl

Slacussdms il (65,0 el L2l 55 gdmes Gl die Slosisse cloile codle (il a0l 3 eSS sl bojle ool (Salus Slasein plulis
plad e @ Ve 4SS S (S5 Jue canlllas o) g eoliinl iz s 2 s Sl edige Slaesle 2 a5 el Esl s o500 Ll i
53z 5 (EFDD) asl e tols 035 55 a3 ol 035 5 53 5 eslinad b 5 L s 5 Jlssa il plmil bt il bl s el
ol b halas glas 5 glubis 5 (SSI-DD) el asls U gslaas (slias 5 ol 0oy o35> J2s) 53 55 5 (CFDD) oo (5515 b el o35>
o sl dits b S o 5 it G2 (OMSLL 53 51 K S (gl i s Vs (540 I se sl el (SSI-CoV) Lesls
o303 0L ol s bl Lo Ol e 4y ol s 4yl 5 plondl 4S5 (605 308 (ma 283003 Jlape Sl SG ceds Lol gla il o35 ) slie
LV ool anb sl @l Bl iy el 3 g s 8 8L L wlis bl S ks GMELL L st slabis sl el ds oS
Lol ol S OLa3 035 gla g, S o3ls 0L 0t oLl (sl el o (gllas S0ko ol 035 L Y/0V il 5 oSk 53 530 0 bogo o s il

3 ged bl 5V B L 1) (9250 G IS 5 and ladelay (ol o352 sla o) S Jl5s 055 e (5 268 llar
el 035 oo as Oloy (gos s o i, dgim s 2 dlase Siulosl losle plulid Olas S (go g V55 40 1 gl SlalS

Olmar 05 G, b 5l S5 laaslas L glassle i e )

LS closlon oLuld caie; s ol
SO Sl s Seen) 02 (Sl ol 2 ol o el g e Emln S S Sl Lol

‘LS“’)'L—“’ ‘_;’L_ML.J: )1 )}J.z'w ] s )‘)5 d‘@j}j# Lo
sl ISa  onnb ladelay my o3l dls e Dlasiin sl

G348 5 ($555 Syge 4 Vs Slaasll ol asiil wis
ol 3550 5 3dmze SIS S J 55 1-2] sl e
I3-5] 5l ol atle Y el _
[3-51 215 2575 e 4l 4o slaass ol a3 s ol ot 5l ot o LSS (slesla
La s, & sl Sluld ol
GBI T3 53 (A Sl B SR s il Glasile > Erla ol dnee g 35ms L 3L e

Y B e e v . u 5 c
it Sl WS o 2 Sla By 5 e 80000 i Vs slaaSs O3, 5,008 5 5 G b e

d6-T] s 2005 2wl ho) lacas sl s 4

Yo


mailto:nabavian@abru.ac.ir

oSS w Olw S axﬁwl{q‘?y@&d\oju st

S S b me L [26] OLSKes 5 plilaas 351005 g
Jls 5o Slasein 22l 55 SSI-DD s, slis s slaly ane s
5 St Al el e B L L S SIS A
3 53 s Wi 2 lose (bl el L [27] 018
S8 a5 o8l T 3 ol Salide Loy ol il
et sbis S on 35 NEXT 5 EFDD L,
Gl osle siladl cd b g sl dIsge gla Sis 3 Ol ot
Laas S L fess
Slead lald la el )l anslie e 53 (93L 5 Slallas
el 4 S <=L?L}\ Laojlw o Led— g 5 aln sla 2,
—rs A Jlge W S, 5l el L [28] O 5 LsS
4+ SSI-COV 4 SSI-DD FDD (sl s, s, LSas 5 Les
302 058 53 BLS 5 e 5o leslw sl bl (s
OLas oi s s 53 a4 sl OLas ol Clidss s,
S0 A S S 2SSl olas glas ) oLl
OLLSen 5 G plS sl on g lo) 2 dalis (o) 53 2
Ll « SSI-COV 5 SSI-DD (sl jis, Sl esbizl L [29]
95 53l sdel s 4 El s oalel b K Kl
SSI-Cov 5y, 4 sls LA Gl pl 55 Obe) (Seis> o)
0350 ;5390 o5l glasse Hlulls ;3 SSI-DD Sy, 4 s
s Jdos )y sheslan ol L [30] O, 5 3,5 55 .l
Slatus 5 ab doley la el oLl & g 2 >
DL sdaliws @ s sy o8558 i G 55 ol
Ol ok glalis e glacons pislie Ll Aoy oS sl
el oy b el bl ol 4 o il sa 2
L Li— s Jlsge ilesl plomil L [31] 0 5 S
So s dlsse sla el plabid 4 o S e 5 eslanal
el e codysiand ol Tl 2 L olKlesT s ik s oL
3SSI-DD s, 3l gmdios ool 53 Lol dastls ol s
Slasse JSh 5 e e mab sbadoly (a3 (sl EFDD
Sy 93 ) sdsl s 4 C’L:" A S eslanal ks ge o5l
5 b sladelas slie a5 das o 0L Jeluy 5 Olej 05>
il ke Lol o gy Glaie oa (60l se3I I B (350 S
S b Al e ool bl (glyls Jag, 93 5l sdal ey

63[.3 U?”)j; Cﬂ&)b J\J)A LS‘-’-‘JZ“‘ :)jiﬂ4_3¢[32] g')blb/wﬁ_}

A2

IOl o8yl Jarsma 3 Lah 5 cnl (s3luesly Sas
bl G Sl Ol ee wdige 53 (a8l Slaeslo sl 5035
mrs A bl () 53 89 2 e eslind gl s >
L L il Solus clasein K0T s Ol Lgs
Sy 53 Edain wrl e Al e palp A enly (5 ,S el
il g1l Lim s bl e gla gy 5 0lS
L iy 5l eslial 4 Ol 5 oo 4 ges (sl oS 3,15 55 5 Lae L
Tols laasls sl islaas slaab 5 5 (PP) 'l e
SSI-DD 55, 10] 4ib V0 o Ol S () (SSI-DD)
23 am s Ghy U] kb s oV ol SOl -
PP 55 J12] 55 sl S 8l (FDD) sl (5055~
S e 18] Gl JLe Sl S e Olale sl
FDD (sla iz, {14] sbss owsl Jid sl (NEXT) ok
&l SSI-DD ks, 15] oy Oleztle S (sl SSI-DD
S e SO Gl e o 18] b Hlas b 2 S
Plnesls Suilip)lsS sl isloas i 5 i, {17]
S 1= SSI-DD s, 18] = v S (sl (SSI-Cov)
Lo st b Se 12 SSIDD s, [19] (6 e YYr il -
33y sl 055 )3 425 FDD sla s, [20] Lo mlas
FDD iy, 5[21] == J < ). SSI-DD 5 (EFDD) asly
[23] OLLSan 5 J 5503 05l [22] s b slaoletle (sl
Slaki Y8 o, el L 5 azg> # G-Mgt;.:;.vf SaS @
s L a0 S 48 Wsls Ol did i i Ol
e b ol S slole Slasiie O 5 e 3l sla K
DB 4 g o SIS [24] 0L 5 1 g 5 50
Jo sl 1 0l LS 5 esls &l bassles dlsse JSs 50 slulis
Aals 55 Al 5 il 3y 5e e 53 224 uliie plod
S35 s A iy a5l L [25] OLLSGan 5 Sl e
Al plalis | Lassla dis e Sledbl il 63 Shas
bl b2 1 il S0 48 0l OT )

Sloslbw glwlid jsbie a2 5 5 o505 SLedbl 035

! peak Picking

2 Stochastic Subspace Identification-Data Driven

® Frequency Domain Decomposition

* Natural Excitation Method

® Stochastic Subspace Identification-Covariance Driven
® Enhanced Frequency Domain Decomposition



VFo¥ JL.«J 4\ D)L&)ojl cYO 092

e Ol pes (plige (s = cole dlns

Lfil_wu BL) l_ﬁdu}) wal B g_f'ld..))‘ )}_EAMJ.& oalaul
—8>9,9 J‘J}_A &Lﬂ)] ;i_“: M_“:‘}UJ 64&«.& J\b}a 6“]2‘\)@.
Sy caalsl s s Ol Los il Ol sme 4 [39] =S
Gt Ol sn ool s Lgim m  slalis Ciliee sla i,
JL.:JJL;;.,,;O%\ft?gmw.uawum\mw\pw
e S BB (1)

;,\Apu: "CQJ\MJ).\JQ

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
two 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

arrive at reference values

Identification of reference
modal parameters of the Grid

Fig. 1. The research flowchart
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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

olpon 4 ¥ os (aSd (Ao 3) ol Slacs CLQ Jﬁb £ Jy
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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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SS|-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
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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
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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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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
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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 85.71 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. 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) s 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
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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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