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1.. Structural Health Monitoring
2.. Local Methods
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1. Wavelet Transform
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Material ~ Poisson Density(kg/m’) Young Yield Tensile Compression
Ratio Modulus(GPa) Stress(MPa) Strength(MPa) Strength(MPa)
Steel bars 0.28 7855 206 470 520 -
Shotcrete 0.15 2175 15 - 2.8 24.6
Polystyrene 0.17 10 0.02 - - -

Table 1. Material Properties of Test Model

Flas pamass ¢l planer glasio £ shell oLl ;!
Opleal Y coial UL bl b 5leisla
el ol el Ole Doy 4 (0 il UL Y55 (o
sl cpizan el (1) o oo ol S3 ol =
w5 ks Cul D 4 e il Ol 4 Ol L
NG P W

Lo gl ol slasge IS0 ddlsse Jdo ool 51
3l lasge IS5 g et sy S s ST Sl eolid
s Bls o 3,50 MATLAB Jl331 o5 lams 53 o sons
U LI PO SO JU

3 Ogeeldizh O e Sl 5 aib ler Olele O3 ¥ IS
[32] e dor 4 slasods olike 55 gl il

% — - 2004
< 510 408 , 510 . 510 1
|

Table Deck

- =
= )
" o 1 sl
o | >
g |®| |
& (-
| |
g [
: .9
= 2 |
= = | x,
i | o
o o | =
= o | ™
g21 |33 a1
g [
) | o,
o = | =8
k| o -
| °5
I —_
| GC"
| @
=3 |
o |
&
_'.'sl}l]l 100 i 100 - 100 . 400 - 400 -~ 100 o 100 - 400 /'.i'.?ﬂ‘

IH50
2820

Foundation on the Table
Se: 1/100 Dim: mm

Fig. 3. Plan and Details of Shaking Table (dimensions in mm)
[32]

s o Jos s e 5doms 1] Joke bl s ke
30t Sl Wl o3l 3 1) Je 5 A2 LT Juts

ol enls OLLES (V) J)J} BE c)'Lw (j.‘)}'} B uJLB.ul &,A—"’\

[32](4'"“‘6\?" 4 slaledd ulide i 5 )l FL ol JS&

A%

B8 vawfoo = [T

Fig. 1. Scaled Wall and Roof Panel Details (dimensions in mm)
[32]

LG sl slaciin 5 bl Jlasl Sl (1) K3 s
W el sl el Ql_..l.: JJ.A 6()4 IYS S UAL:.EA
J,SS (\)J)J\:.-)é wyb'-)_’b‘\.g ‘;JAA.A éLﬂ-A Sla i e

ol 0l

[32] e Jun as slasDois ulida VL3l ol 5 Y s

ner Con. e
Corr i

‘= Roof Con_
So: 1720 Dim: mom

Fig. 2. Details of Scaled Connections (dimensions in mm) [32]

VIO 53 8V OB 4 slal slls aib Jler oile Lo | sl

3l 4 VYO o L a8 Cl 3 20 WYY £l
(F) JK& 53 kS o iy oid 20 0/7 S DEAIAISER Y
S O sl b ol janay O3 oo 5 bl Olantle OM
Sla sl Condse ol ann OF (535 G383 Sopw )
S5l Jome (8) JSi jn il sl anls OLES 2585
5 e S el Sl el S eIl sl
48 goms 53 Dol IS el (0) IS )JJG'M;.JL:.J:
ol o313 Ol iy i s oK 013 ) 5o AL

oesSU D le 5 o3 aib Jlexr Slarle ileduis sl .ol



Q‘JL&AJWW

el o Olastla s ol 2 el

SO0 JCb 9 (uils B Ol ki (g -E
G sbalpl ceai b cilisis sl S oo o5l el S
353y 03 s Lo il Bl 5l 5 el s (6,831
—0Lel o3 ) 5l e 0k sl GlaS 5 (V) Ks 5s ol el
sy Sy m doys WO I i) AT A3\ Y
Sl Ao 3 YO L bl s plals s Cs e ok
e e (V) JSS war g Lol sl esls gl (Cnl aily
sdalaid 53 A5 65 5l Gledas 5w oS ol sdalie LB
o s amba ol OAS )l L pgs akb 5o (g S i
3 dsl Slib sl e a8 Ly ol aly a s e A
Bl 1 sl Glbl poman i8S o Wl (6 tage 2B £33
OF s 5 35 e g3 bl 5l S 5 & il o3l il
o o il ol O cpl 53 5 S 5e0 sz
03 3 e 0ded el o3l 3sdome Tl s 5 AL 5T
03 o3k Shhes 5 Jl Lol sse an gl dsys VWWo-OLEL
(M) Jsdr 53 45 6,50k ol ol o3ls OLES (F) s
el 13 e 53 b e (Shales o) st
ol 5 ol o3l slas e IS5 S Salen &5 5
apilir 81 cnlply 00, sgms o3l 53 5 6 S
o> ol 5 Wl sil lasge S8 (Sten Olpe Olsn
22 A 2 s & U5 508 s s il (sl 5o
IS aglie (sl it Dbl (sl lne 51 S 313 ol 3L
sy S8 Saer e s ol 5 Wl o3l lazge

:[33(]: syh o s QQ;%_”ME))Z@ S ol (MAC)
MACi(Ud, D)= — L

S Yy

Q)

¢D ¢Ud
il ope ISS o e T T S daly o
IS5 (Soan Slomn palis zn ol 550 0> gl 5 W
Salen szl G e 5035 S 5 Ao o o)l sen 350
“OLE S5l S pslie 5 (ol 25 pe)lan e IS JolS
33 el 03l 3 (sl 3 s se IS5 Sonles pde ok

TR S = N

SSales (ol Lase ie Jad 534S 4 S0kes .ol
(V) IS8 s e Sl 13 5 die 53 S o o o
PO R IS I BTN IALF~ g Y E PRIt

N

[B32] e sbee 0 slas xS eslil slasl il (5,5 513 Jome £ JSS

[32]

[32]015) 5o AKilesT a5 gazms 3 Slaztle IS slales 0 |2

Fig. 5. General Views of the Building in the Shaking Table
Laboratory Complex [32]

VJL«NG).LNLSLQJ}AJQ.-\JS-\:‘

C) Third Mode

A) First B) Second Mode '
Mode(combined (combined effect of (Z torsional effect)
effect of transition transition Y and
X and torsional Z) torsional Z)

Fig. 6. Shapes of Mode for an Undamaged Structure

1 Modal Assurance Criterion(MAC)
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Results of Modal Analysis of Results of Modal Analysis of the Error(%)
the Experimental Model Finite Element Model
Mode Frequency Period Frequency Period Frequency Period
(Hz) (seconds) (Hz) (seconds) (Hz) (seconds)
1 4.00 0.250 4.02 0.249 0.50 0.40
2 5.10 0.196 5.06 0.198 0.78 1.02
3 7.50 0.133 7.67 0.130 2.27 2.25

Table 3. Comparison of Modal Analysis Results of Experimental Model and Finite Element Model of Damaged

Structure

Lﬁéfpw)kaﬂﬂ:ux—i J).,\>-

Mode South view Northern view Eastern view
1 0.997336972 0.996386030 0.973093364
2 0.955781953 0.881158639 0.999190116
3 0.984454411 0.990025298 0.967777825

Table 4. Modal Assurance Criterion(MAC)
(4 53)edss ol 5 Il (slazgo JSCE Sl 2 o 515 0 giker

Mode South view Northern view Eastern view
1 2.9580 3.4465 9.4410
2 12.1388 20.1655 1.6308
3 7.1624 5.7319 10.3409

Table 5. The Angle between Shape Vector of Undamaged and Damaged Modes (Degree)

S 9dwe lj>\ Jde o “—"::’“"T 3 VJLA A)'Lw N dudﬂag_}ﬁ Ji:l.i,a A J".\?.

Mode Frequency of Frequency of Mode Frequency of Frequency of
Undamaged Damaged Undamaged Damaged
Structures (Hz) Structures (Hz) Structures (Hz) Structures (Hz)
1 5.7680 4.0226 8 11.9110 11.3980
2 7.2992 5.0606 9 11.9580 11.8200
3 8.0177 7.6659 10 11.9650 11.8880
4 8.2685 8.1618 11 14.1660 11.9060
5 8.3226 8.2261 12 15.6900 13.1510
6 8.3270 8.2428 13 16.0260 15.3500
7 11.7090 9.9213 14 16.0880 15.7770

Table 6. Natural Frequencies Values of Undamaged and Damaged Finite Element Models
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Fig. 11. Diagrams of Coif5 Function Derived from the Wavelet Analysis of Shape Differences of Three Main Modes of the Structure

for the First Story above the Northern View Openings
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for the First Story Bottom the Northern View Openings
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Fig. 12. Diagrams of Coif5 Function Derived from the Wavelet Analysis of Shape Differences of Three Main Modes of the Structure

for the Second Story Bottom the Northern View Openings
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Fig. 13. Diagrams of Coif5 Function Derived from the Wavelet Analysis of Shape Differences of Three Main Modes of the Structure
for the Second Story above the Northern View Openings
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View Story Location Damage  Mode Maximum Actual Damage  Error(%)
Range Wavelet Center of  Detected
(mm) Coefficients Damage Center
(mm) (mm)
1 1.9%10°3 984 1024 4.06
884-1084 2 32%1073 984 1024 4.06
Southern First Above 3 36*10-3 984 1024 4.06
Opening  1670-1870 1 1.8%10°3 1770 1670 5.65
2 33%1073 1770 1670 5.65
3 34%1073 1770 1670 5.65
1 1.9%103 1715 1750 2.04
1590-1840 2 2.4%1073 1715 1750 2.04
Bottom 3 7.5%1073 1715 1750 2.04
Openings 1 1.3*¥103 2740 2700 1.46
2690-2790 2 1.9%1073 2740 2700 1.46
3 5.9%103 2740 2700 1.46
First 1 1.8*10° 484 515 6.40
324-574 2 28%1073 484 515 6.40
3 44%1073 484 515 6.40
1 1.2%10° 1474 1450 1.63
Northern 1424-1524 2 15%103 1474 1450 1.63
Above 3 18*103 1474 1450 1.63
Openings 1 1.1*¥1073 1790 1800 0.56
1740-1840 2 19%103 1790 1800 0.56
3 31%1073 1790 1800 0.56
1 1.2%10°3 2815 2750 2.31
2690-2940 2 26*1073 2815 2750 231
3 28%1073 2815 2750 231
1 2.8%1073 524 555 5.92
Bottom 474-574 2 28%1073 524 555 5.92
Openings 3 30%103 524 555 5.92
1 0.85%1073 1474 1490 1.08
Second 1424-1524 5 1#10°3 1474 1490 1.08
Above 3 15*10°3 1474 1490 1.08
Openings 1 0.75%1073 1790 1800 0.56
1740-1840 2 0.95%10° 1790 1800 0.56
3 20%1073 1790 1800 0.56
1 1.8%10°3 1605 1495 6.85

Y¥



Veve Jl QJLQ.;:/(&”WU}: e Oljas pwdige iss — ol aloee

Bottom  1490-1740 2 14%103 1605 1495 6.85

Opening 3 36*103 1605 1495 6.85

1 14*103 494 535 7.66

Eastern First 374-574 2 18%10°3 494 535 7.66
Above 3 38*1073 494 535 7.66

Opening 1 14%103 1590 1475 7.23

1490-1690 2 17%103 1590 1475 7.23

3 37%1073 1590 1475 7.23

Table 7. Determination of Damage Center Based on Maximum Wavelet Coefficients

S il S i Sl S S e alls A g

View Story Location Damage Mode Minimum Actual Damage Error(%)
Range Wavelet Center Detected
(mm) Coefficients of Center
Damage (mm)
(mm)
1 -2.3%1073 984 1000 1.63
884-1084 2 -32*1073 984 1000 1.63
Southern First Above 3 -39*10°3 984 1000 1.63
Opening 1 -2.3%10°3 1770 1690 4.52
1670- 2 -35%1073 1770 1690 4.52
1870 3 -37*10°3 1770 1690 4.52
1 -2.1*%1073 1715 1800 4.96
1590- 2 -2.3%1073 1715 1800 4.96
Bottom 1840 3 -7%1073 1715 1800 4.96
Openings 1 -1.3*%10°3 2740 2750 0.36
2690- 2 -1.5*%10°3 2740 2750 0.36
2790 3 -5.8*1073 2740 2750 0.36
1 -2.1*1073 484 520 7.43
First 324-574 2 -23*1073 484 520 7.43
3 -37*%1073 484 520 7.43
1 -1.4*1073 1474 1470 0.27
Northern 1424- 2 -14*1073 1474 1470 0.27
Above 1524 3 -19*10°3 1474 1470 0.27
Openings 1 -1.2%10°3 1790 1750 2.23
1740- 2 -23*1073 1790 1750 2.23
1840 3 -27%1073 1790 1750 2.23
1 -1.65*%1073 2815 2700 4.08
2690- 2 -23*1073 2815 2700 4.08
2940 3 -30*10°3 2815 2700 4.08
1 -2.1*1073 524 565 7.25
Bottom 474-574 2 -28*1073 524 565 7.25
Openings 3 -30*10°3 524 565 7.25
1 -1.1*1073 1474 1480 0.41
Second 1424- 2 -1.45*%1073 1474 1480 0.41
Above 1524 3 -16*1073 1474 1480 0.41
Openings 1 -0.85*1073 1790 1850 3.35
1740- 2 -1.30*1073 1790 1850 3.35
1840 3 -18*10°3 1790 1850 3.35
1 -1.7*1073 1605 1480 7.78
Bottom 1490- 2 -17*1073 1605 1480 7.78
Opening 1740 3 -27*%1073 1605 1480 7.78
1 -18*10°3 494 515 4.08
Eastern First 374-574 2 -21*1073 494 515 4.08
Above 3 -37*%1073 494 515 4.08
Opening 1 -18*10°3 1590 1490 6.29
1490- 2 -21*1073 1590 1490 6.29
1690 3 -33*10°3 1590 1490 6.29

Table 8. Determination of Damage Center Based on Minimum Wavelet Coefficients
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Wavelet View S=4 S=6 S=8 S=10 S=12 S=14

Coefficients

Southern 88.50% 92.20% 94.35% 90.55% 86.40% 83.65%

Maximum Northern 87.75% 90.40% 93.60% 89.70% 85.25% 82.95%

Eastern 86.20% 89.25% 92.34% 87.90% 84.60% 82.20%

Southern 89.45% 93.65% 95.48% 91.70% 87.25% 84.55%

Minimum Northern 86.85% 89.45% 92.57% 88.80% 84.65% 82.55%

Eastern 86.12% 89.15% 92.22% 87.45% 84.15% 81.25%

Table 9. Comparison of the Effect of Scale Parameter(S) on Damage Detection for Coif5 Wavelet Function
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Abstract

Damage occurrence is always inevitable in structures. So far, many examples of damage types in engineering
structures have been recorded with many losses of human and financial. For this reason, the detecting of
structural damages during its exploitation to provide safety with the lowest cost has been the subject of many
researchers in the last two decades. In this regard, the wavelet transform is a powerful mathematical tool for
signal processing, has attracted the attention of many researchers in the field of health monitoring of structures.

Wavelets are a combination of a family of basic functions that are capable of detecting signals in the time (or
location) and frequency (or scale) range. In fact, wavelet transform is based on the principle that any signal
can be transformed into a set of local functions called wavelets. Any local feature of a signal can be analyzed
using the corresponding wavelet functions. The wavelet transforms to the singularities points in the signals are
sensitive and can be used to detect abrupt changes in modes, which often indicate damage. In this study, free
vibrations of a four-story building with specified boundary conditions have been investigated and monitored
the health of the building basis on experimental results using the continuous wavelet analytical method are
studied and the damage that may occur in these structures has been evaluated and analyzed. Building modeling
is done in finite element software using the sandwich model. In this four-story building, eight-layer sandwich
panel (polystyrene, concrete, steel, concrete) is used symmetrically. The fourteen natural frequencies of the
sandwich structure were compared with the experimental model. and the main modes of the structure obtained
to influence the health of the structure. An error of less than 2.5% reveals a good match between the results of
the two models. Changes in the values of natural frequencies and also the inconsistency of the modes shape ¢
based on Modal Assurance Criterion (MAC) and the angle between modes of shape confirm the damage of
the structure. Precast panel health monitoring results show that based on the experimental results, the damage
location using the coif5 function with scale parameter 8 has been successfully identified and shows a higher
perturbation of the coefficients at the damage locations than the other functions. Thus, the relative maximum
and minimum jumps in the wavelet coefficients occurred at the location of the damage and considering the
maximum or minimum wavelet coefficients generated at the damage location as the center of damage, the
damage center can be identified with an error of less than 8%. The disturbance of the wavelet coefficients of
each of the damage locations are independent of the other damage locations with different intensities. Also,
the effect of higher modes is more pronounced in the damage intensity index as in the torsional modes of the
structure, the maximum wavelet coefficients are greater and the intensity of the damage is increased. In
addition, in the process of reducing the structural stiffness, the first and second stories play a more important
role, and around the openings are the critical points of the structure.
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