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2. Two-Dimensional directional Gaussian wavelets
3. Laser scanned operating deflection shapes
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1. Wavelet Transform (WT)
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1. Quincunx
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1. Continuous Wavelet Transform (CWT)
2. Discrete Wavelet Transform (DWT)
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Fig. 1. The column under the effect of axial load with the
pinned support conditions
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Pcritical (N)

Mode Number
Theoretical ABAQUS (FEM)
1 1.03E+6 1.03E+6
2 4.11E+6 4.09E+6
3 9.25E+6 9.16E+6
4 1.65E+7 1.61E+7

Table 1. Theoretical and finite element critical loads of the
healthy column
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Damage ...

State  Number  Zone (m)  Center (m) Severity

D1 1 0.96-1.04 1 30
D2 1 2.96-3.04 3 20
0.96-1.04 1 30
D3 2
2.96-3.04 3 20

Table 2. Geometric profile of damage states
5l Cole ol 4l ezl ke

SR 0k 2 T DAL G () g A
O Sl Soses 5L 1P 5 alie (7) s o
03,51 D3 3 D2 DI 5 slacdls 51 K a5 g
bl s Rl sl L aS o sdalie sl ol
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(55) Sl Gosme sk el ds 1Y g

Critical Axial Load (*10°)

Damage
Severity (%) DI D2 D3
0 1.0269 1.0269 1.0218
10 1.0246 1.0246 1.0195
20 1.0218 1.0218 1.0167
30 1.0181 1.0181 1.0131
40 1.0132 1.0132 1.0083
50 1.0064 1.0064 1.0015
60 0.9961 0.9961 0.9915
70 0.9791 0.9791 0.9747
80 0.9455 0.9455 0.9415
90 0.8491 0.8491 0.8462

Table 3. The effect of damage severity on critical axial load (N)
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Fig. 2. Undamaged mode shapes of the column under the effect of axial load
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Mode Number
PL" 1 2 3 4 5 6 7 8
Natural Frequency (Hz)

0 14.291 56.992 127.60 225.30 348.99 497.37 668.94 862.07
0.1 13.569 56.286 126.90 224.60 348.31 496.70 668.28 861.42
0.2 12.806 55.572 126.20 22391 347.63 496.03 667.61 860.76
0.3 11.994 54.848 125.49 223.22 346.94 495.35 666.95 860.11
0.4 11.143 54.114 124.78 222.52 346.25 494.67 666.28 859.45
0.5 10.178 53.371 124.07 221.82 345.56 494.00 665.62 858.80
0.6 9.1360 52.616 123.35 221.11 344.87 493.32 664.95 858.14
0.7 7.9580 51.850 122.62 220.41 344.18 492.64 664.28 857.48
0.8 6.5719 51.073 121.90 219.70 343.49 491.96 663.61 856.83
0.9 4.8007 50.484 121.17 218.99 342.79 491.27 662.92 856.17

Table 4. Effect of axial load on frequency values of the healthy state (Hz)
G DL ol b 05 5islie 2 (gh 550 5L 510 Jodr
Mode Number
% 1 2 3 4 5 6 7 8
Natural Frequency (Hz)

0 14.230 56.516 127.07 225.24 347.53 493.55 666.25 861.31
0.1 13.504 55.804 126.37 224.55 346.84 492.87 665.56 860.65
0.2 12.738 55.084 125.66 223.86 346.15 492.19 664.92 860.00
0.3 11.921 54.353 124.95 223.16 345.46 491.51 664.25 859.34
0.4 11.045 53.612 124.24 222.46 344.77 490.82 663.58 858.69
0.5 10.092 52.861 123.52 221.76 344.08 490.14 662.91 858.03
0.6 9.0400 52.099 122.80 221.06 343.39 489.46 662.24 857.38
0.7 7.8475 51.326 122.07 220.36 342.69 488.77 661.57 856.72
0.8 6.4376 50.540 121.34 219.65 342.00 488.08 660.90 856.06
0.9 4.6149 49.743 120.61 218.94 341.30 487.40 660.23 855.40

Table 5. Effect of axial load on frequency values of the D1 damage state (Hz)
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Number giu,dl giu,dz P
1 0.2144 0.1253 0.1297
2 179.53 0.2782 179.74
3 0.4916 0.2901 0.4096

Table 6. The angle between of undamaged and damaged
mode shapes of three first modes (degree)
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Table 7. The critical axial load of the column with D3
damage and different support conditions (N)

A Ll 5 o DL Sl o Dt Jl ape JS210 IS
33—l 1S ()« haie =15 18 (2) ¢ uaie = st (1)

.a > >

(c) (b) (a)
Fig. 15. The 1% mode shape of the column with support
conditions (a) pinned-pinned, (b) fixed-pinned and (c) fixed-
free

i 15,8 (0) (laie = Laie () A84SS Ll 5 /0P,
Wy Sy o 5 ol sl3T— 1,8 ()

st —
L10©  1''Mode(P=05P )

6

Ed:0.7E
O | L L
0 1 2 4

(2)

DDI - CWT



http://dx.doi.org/10.22034/23.3.7
https://dorl.net/dor/20.1001.1.24766763.1402.23.4.1.4
https://mcej.modares.ac.ir/article-16-41432-en.html

[ Downloaded from mcej.modares.ac.ir on 2025-01-20 ]

[ DOR: 20.1001.1.24766763.1402.23.4.1.4 ]

[ DOI: 10.22034/23.3.7 ]

\Y'Ydu/va)w f}m}w‘:)}b

oot Olyes pwdige L ole dlos

5

1st Mode(P 0.5P_ )

1 x 10
E sym8
Qost
a
2 ;
0 n .
0 2 3 4
Length [m]
o 1%t Mode(P 0.5P )
I
=
, 0.5+
z i
0 L n
0 2 3 4
Length [m]
st
1075 1 Mode(P OSP )

?

2 3
Length [m]
IStMode(P 0.5P_ )

?

2 3

0 4
Length [m]
IStMode(P 0.5P )
I
=
. 0.5+
a
Q 0 M L " J
0 2 3 4
Length [m]
st
2><10'5 1. Mode(P OSP )
:
!
2L
@)
0 L n
0 1 2 3 4
Length [m]

AR

g0 @lgi Db Cuwl (glolid -0 -
S e o5 5 okt L DDL gl 1 ol gl
4(C01f) Ca—l-ii‘}s ‘(Sym) C,.l.a._:.w ‘(Db> ﬂ.>”=.:\s 6@@)\);5-
oLl D1 ol ol (51 (RIO) 551 5 (Bior) 5
Ol ol eals OLLES (\/\) Jg.i BE u.vL_v'g_,._:& Gb B ol
C»_:.;J}Ab ul_a_w.sh ;»._:_..J Caan3 50 ASJ}JJA odalin
g_a_:Jx;Q:j_:wLAaMJQLM \jw‘o.lmv.)bhw
el el il axls
Gose ok o DIl Il Jol 550 DDI szl NA S
S @l ale b Ghate = late aBaSS Lils 5 /0P,
g S 3a o I ol

6 1’ Mode(P=05P_)

3 x 10
& dbs
5
T4t
2 |
a
0 i L
0 1 2 3 4
Length [m]
" IStMode(P 0.5P_ )
E dbs
o,
: M
Q
3 4
Length [m]
o6 IStMode(P 0.5P )
;
o,
=) M )
Q
3 4
Length [m]

1° Mode (P =0.5P )

%107

DDI - CWT
=
wn
gv—

<
1

2 3 4
Length [m]

(=


http://dx.doi.org/10.22034/23.3.7
https://dorl.net/dor/20.1001.1.24766763.1402.23.4.1.4
https://mcej.modares.ac.ir/article-16-41432-en.html

[ Downloaded from mcej.modares.ac.ir on 2025-01-20 ]

[ DOR: 20.1001.1.24766763.1402.23.4.1.4 ]

[ DOI: 10.22034/23.3.7 ]

Ob&M E) L;Jvl ol r..;:m

ceeglaosls 3l eslital U (g gme b i Cond O st el a5 5 St Sl

ol LU Ol sl st o (Sas ol sl
ol 5l ol T s 55 & (S5l 5301
53 eded oLl ldlllas ol AL ISH 55,0 bae 3L
Slagaly = sogme LL BT 4 2S4S 5l 0L Wi ol
Glosla sae 53l oLl dlies 5 s Salis
s by el edd a6 e DL S Lo O
5 Sl 1l o b A o ) pen O Ll 4y
5 LS Sl il (S o ol wis i s
Slosbw smae Cdlw plpl 355 (GHMLL a5
S A Bl a5 e Sy e L Bl oS O
2l OLES anllas ol adsl gla ow )y
5l St sn m s bange sled b S 8 )
3 e S a o D SR L skl
LS (ol Sl 5 o JL) Lo o L
LS B ol e OLLSG Glag, Sl s Y sl
L 5 sl it sdisam gad S5 51 Wl 4 g
v Glacand s (sl 3 O (ol S 58
b Sl el
o Dl o O 3 ol Ll (s ¢S
Sl = ODD) ol Gl (ol S e b
S5 S o ol Sl ol S e il 5
A il ol 5 Wl slacans s 350 sla
Slaand go (3T da s ol 4 o Foge
33 L el Slacan po 45 (555 b 4 il o]
DDI jlssad 55 SLEZEI L 5 Sy Ooysm 4 VL
Ad plabs
sls olis @L:j e
5035 o 3l Jis ol s (slac a3 5o DDI ¥
SUT 5 ol el gt g0 Oled el o 1 e L
ol g ot BB 5 b e DD (5 50me L
Cod gt 35 el gl ULl (g3lgi, DDI -0
e aBSS Ll b 5 phaie o b () 500 5L S
sl

Yy

st —
)X 107 1°" Mode (P = 0.5]’cr )
:
1 1 b
2 J
a 0 M L L
0 1 2 3 4
Length [m]
- o 1** Mode (P=05P_ )
=
% bior6.8
! d
2 A ]
D 0 M . L
0 1 2 3 4
Length [m]
st —
)X 107 1°" Mode (P = 0.5]’cr )
:
1
E \
a
0 L i -y
0 1 2 3 4
Length [m]
st —
)X 107 1 Mode(P—O.SPcr)
c
9
a l
)
0 " L
0 1 2 3 4
Length [m]
st —
) 107 1 Mode(P—O.SPcr)
c
9
i b .
0 1 2 3 4
Length [m]

Fig. 18. DDI diagram of the 1% mode of D1 damage under
the effect of axial load 0.5P¢; with other wavelet functions

(S5 4o § S e ) )
s SG cial st 5 ! un..al_; ol el
0352 53 Olpdes 5 dige Sla 2l 51 (G5 (Sies
33 L;Nduwi C}E}}L;:_,MJA ol Ol S e
s s 53 5 L bl Ko Kol gen LaosL

S s 3551 5 ol Slatnd go w3 g0 4 luli


http://dx.doi.org/10.22034/23.3.7
https://dorl.net/dor/20.1001.1.24766763.1402.23.4.1.4
https://mcej.modares.ac.ir/article-16-41432-en.html

[ Downloaded from mcej.modares.ac.ir on 2025-01-20 ]

[ DOR: 20.1001.1.24766763.1402.23.4.1.4 ]

[ DOI: 10.22034/23.3.7 ]

\Y'Yd[.w/ra_)w r}«:}c,.w.:.:a_)}b

o Olpas (puign (b g5 ale alns

[10] Bagheri, A., Kourehli, S., 2013 Damage
detection of structures under earthquake
excitation using discrete wavelet analysis,
Asian Journal of Civil Engineering (BHRC),
14, 289-304.

[11] Xu, W., Radzienski, M., Ostachowicz, W.,
and Cao, M., 2013 Damage detection in plates
using two-dimensional direction Gaussian
wavelets and laser scanned operating
deflection  shapes,  Structural  Health
Monitoring, 12(5-6), 457-468.

[12] Lee, S. G., Yun, G. J., and Shang, S., 2014
Reference-free damage detection for truss
bridge structures by continuous relative
wavelet entropy method, Structural Health
Monitoring, 1-14.

[13] Li, J.,, and Hao, H., 2014 Substructure
damage identification based on wavelet-
domain response reconstruction, Structural
Health Monitoring, 1-17.

[14] Katunin, A., 2015 Stone impact damage
identification in composite plates using modal
data and quincunx wavelet analysis, Archives
of Civil and Mechanical Engineering, 15,
251-261.

[15] Patel, S., Chourasia, A., Panigrahi, S.,
Parashar, J., Parvez, N., Kumar, M., 2016
Damage identification of RC structures using
wavelet transformation, Procedia
Engineering, 144, 336-342.

[16] Younesi, A., Rezaifar, O., Gholhaki, M.,
Esfandiari, A., 2019 Structural health
monitoring of a concrete-filled tube column,
Magazine of Civil Engineering, 85, 136-145.

[17] Younesi, A., Rezaifar, O., Gholhaki, M.,
Esfandiari, A., 2021 Active interface
debonding detection of a concrete filled tube
(CFT) column by modal parameters and
continuous  wavelet transform (CWT)
technique,  Structural — Monitoring  and
Maintenance, 8(1), 69-90.

[18] Khanahmadi, M., Rezaifar, O., Gholhaki, M,
Younesi, A., 2023 Detection of debonding
damage location of the concrete core from the
steel tube of concrete-filled steel tube (CFST)
columns using wavelet analysis analytical
method, Modares Civil Engineering Journal,
22(1), 129-142.

[19] Wang, S., Li, J., Luo, H., Zhu, H., 2019
Damage identification in underground tunnel
structures with wavelet based residual force
vector, Journal of Engineering Structures,
178, 506-520.

[20] Hoseini Vaez, S., Arefzade, T., 2019

Yy

DL 1y ol slacamd e glalid 3 (o3lgiy gy
S wlals s (ol B o s s e
Lotz plo Lol Cal (Son ol Zind s
Solpmiy Sarls (@b 4 a5 L LSk LIS 36 o]
53 A8 5 b pllid jarls S Olsie
e el Sl il slacd e (53l

D g

&Iy

[1] Majumdar, A., Maiti, D.K., Maity, D., 2012
Damage assessment of truss structures from
changes in natural frequencies using ant
colony optimization, Applied Mathematics
and Computation, 218(19), 9759-9772.

[2] Rytter, A., 1993 Vibrational based inspection
of civil engineering structures, Department of
Building  Technology and  Structural
Engineering, Aalborg University.

[3] Newland, D., 1994 Wavelet analysis of
vibration. Part 1: Theory, Journal of Vibration
and Acoustic, 116, 409-416.

[4] Newland, D., 1994 Wavelet analysis of
vibration. Part 2: Wavelet Maps, Journal of
Vibration and Acoustic, 116, 417-424.

[5] Sone, A., Yamamoto, S., Nakaoka, A.,
Masuda, A., 1995 Health monitoring system
of structures based on orthonormal wavelet
transform, Seismic Engineering, ASME, 312,
161-167.

[6] Hou, Z., Noori, M., Amand, R., 2000
Wavelet-based approach for structural damage
detection, Journal of Engineering Mechanics,
ASCE, 126, 677-683.

[71 Ovanesova, A.V., Suarez, L.E., 2004
Applications of wavelet transforms to damage
detection in frame structures, Engineering
Structures, 26, 39-49.

[8] Katunin, A., 2010 Identification of multiple
cracks in composite beams using discrete
wavelet transform, Scientific Problem of
Machines  Operation and Maintenance,
2(162).

[9] Ghodrati Amiri, G.R., Bagheri, A., Seyed
Razzaghi, S.A., Asadi, A., 2010 Structural
damage detection in plate using wavelet
transform, Challeges. Opportunities and
Solution in Structural Engineering and
Construction-Ghafoori (Ed).


http://dx.doi.org/10.22034/23.3.7
https://dorl.net/dor/20.1001.1.24766763.1402.23.4.1.4
https://mcej.modares.ac.ir/article-16-41432-en.html

[ Downloaded from mcej.modares.ac.ir on 2025-01-20 ]

[ DOR: 20.1001.1.24766763.1402.23.4.1.4 ]

[ DOI: 10.22034/23.3.7 ]

Qb&.«.ﬁ: E) 6.}\.A.>‘ ol V..I..bu

ceeglaosls 3l eslital U (g gme b i Cond O st el a5 5 St Sl

[30] Hanteh M, Rezaifar O, Gholhaki M., 2021
Damage detection in precast full panel
building based on experimental results and
continuous  wavelet analysis analytical
method, Modares Civil Engineering journal,
21(1), 13-29.

[31] Mallat, S., 2008 A wavelet tour of signal
processing: the sparse way, Academic Press.
[32] Gao, R.X., and Yan, R., 2010 Wavelets:
Theory and applications for manufacturing,

Springer Science & Business Media.

[33] Mamazizi, A., Khanahmadi, M., 2023
Damage identification in steel plates using a
detection algorithm based on 1D continuous
wavelet transform and 2D vibration mode
shapes, Sharif Journal of Civil Engineering,
39(1), 59-69.

VY

Comparison of static and modal analysis in
damage detection of concrete gravity dams via
wavelet transform, Sharif Journal of Civil
Engineering, 35.2(1.1), 33-41.

[21] Khanahmadi, M., Rezaifar, O., Gholhaki,
M., 2021 Damage detection in steel plates
based on comparing analytical results of the
discrete 2-D wavelet transform of primary and
secondary modes shape, Journal of Structural
and Construction Engineering, 8(5), 198-214.

[22] Rezaifar, O., Gholhaki, M., Khanahmadi,
M., Younesi, A., Dezhkam, B., 2023 Damage
detection and localization in steel plates using
modal dynamic data and two-dimensional
wavelet analysis, Modares Civil Engineering
Journal, 23(1), 135-152.

[23] Khanahmadi, M., Rezaifar, O., Gholhaki,
M., 2021 Damage detection of prefabricated
walls (panel 3D plates) based on wavelet
transform detection algorithm”, Journal of
Structural and Construction Engineering,
8(8), 289-3009.

[24] Khanahmadi, M., Rezaifar, O., Gholhaki,
M., 2021 Comparative study on steel beams
damage detection based on continuous and
discrete wavelet transforms of static and
dynamic responses, Journal of Structural and
Construction Engineering, 8(9), 166-183.

[25] Khanahmadi, M., Mohammady Garfamy,
H., Gholhaki, M., Dezhkam, B., Miri, M.,
2021 Wavelet-based damage detection of steel
beam-structures, Journal of Structure & Steel,
15(33), 15-27.

[26] Khanahmadi, M., Gholhaki, M., Rezaifar, O.
2021 Damage identification of a column
under the axial load based on wavelet
transform and modal data, Journal of
Modeling in Engineering, 18(63), 51-64.

[27] Hanteh, M., Rezaifar, O., Gholhaki, M.,
2021 Selecting the appropriate wavelet
function in the damage detection of precast
panel building based on experimental results
and numerical method, Sharif Journal of Civil
Engineering, 37(2.2), 131-147.

[28] Hanteh, M., Rezaifar, O., 2021 Damage
detection in precast full panel building by
continuous  wavelet analysis analytical
method, Structures, 29, 701-713.

[29] Hanteh M, Rezaifar O, Gholhaki M., 2021
Selecting the appropriate wavelet function in
the damage detection of precast full panel
building based on experimental results and
wavelet analysis, Journal of Civil Structural
Health Monitoring, 1-24.


http://dx.doi.org/10.22034/23.3.7
https://dorl.net/dor/20.1001.1.24766763.1402.23.4.1.4
https://mcej.modares.ac.ir/article-16-41432-en.html

[ Downloaded from mcej.modares.ac.ir on 2025-01-20 ]

[ DOR: 20.1001.1.24766763.1402.23.4.1.4 ]

[ DOI: 10.22034/23.3.7 ]

OLar 5 dax! Ol (oo e gsesls 3leslinal b g gmme Jb ot Ot 53 ] Lasid 5 b (Al

Health Monitoring and Damage Assessment of a Column under the
Effect of Axial Load Using Modal Dynamic Data and Wavelet
Analytical Method

Mohtasham Khanahmadi'!, Omid Rezaifar?, Majid Gholhaki®, Behzad Dezhkam®, Adel
Younesi®

1- M.Sc. of Structural Eng., Faculty of Civil Engineering, Semnan University, Semnan, Iran

2- Professor, Faculty of Civil Engineering, Semnan University, Semnan, Iran

3- Professor, Faculty of Civil Engineering, Semnan University, Semnan, Iran

4- M.Sc. of Structural Eng., Department of Civil Engineering, Velayat University, Iranshahr, Iran
5- Ph.D. of Structural Eng., Faculty of Civil Engineering, Semnan University, Semnan, Iran

Abstract

The health of structures, provision of safety, and the sense of security are among constant requirements and
perpetual challenges of engineering and managers in the field of crisis management. Erosion and occurrence
of minor local damage to structures and structural members in the early stages of construction or during
operation, especially in critical structures such as power plants, tall buildings, stairs, dams, airports, and
hospitals, among others, have always been among major problems. In case the damage sites are not
identified timely and decisions are not made appropriately, substantial irreparable damage is expectable.
Structures are always affected by various natural or unnatural factors such as earthquakes, explosions, and
unprincipled excavations, which can aggravate the local damage in them and lead to their destruction, hence
substantial human and financial losses. Therefore, it is highly crucial to monitor the health of structures and
structural members. Therefore, health monitoring in structures and structural members is highly important.
The column is one of the most significant members of engineering structures, especially in building
structures and bridges, so that the instability of one of these members can lead to instability and destruction
of the structure. Hence, design engineers expect columns to be the last members of structures to be damaged.
In this paper, the health monitoring of the column as a structural member was performed by considering the
effect of axial load on modal dynamic responses (i.e., natural frequencies and mode shapes). The results
showed that the natural frequencies of all modes in both healthy and damaged states decreased with
increasing axial load in proportions of the base critical load (the worst-case limit load). Also, at the same
loads, the frequency of the healthy sample was always higher than that of the damaged sample so that the
frequency difference between healthy and damaged states increased with greater severity of the damage. By
introducing a Damage Detection Index (DDI) based on the wavelet coefficients obtained from the details of
wavelet analyses of damaged and undamaged modes, the damage sites could be identified with a simple
check and high accuracy by observing vibrations in DDI. Also, studies have shown that the DDIs of different
damaged sites are independent of each other and are only affected by the severity of the damage and that the
effects of axial load on DDI are very small and negligible. The independence of the DDIs of different
damaged sites indicates the effectiveness of the proposed method in identifying damaged sites. Otherwise,
failure to identify one damaged site may affect the identification of other damaged sites. The damage
detection capability using the proposed DDI was investigated in columns with different support sections and
conditions, and successful troubleshooting results were obtained. Moreover, investigations were performed
with other wavelet functions, and the damage site was successfully identified. The proposed damage
detection indicator is an efficient index in the column structures under the effect of axial load with axial
buckling-prone support conditions and is proposed as a reliable method in identifying column damage sites
in practical health monitoring of structures.

Keywords: Structural Health Monitoring, Axial Load, Modal Dynamic Response, Wavelet Analysis,
Column Damage Detection.
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