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ABSTRACT: Damage detection is a topic of great importance for structural health monitoring. Many
varieties of structural damage can be detected by examining changes in structural response in terms
of stiffness. Wavelet transform is a powerful mathematical tool for the processing and time-frequency
analysis of transient signals and has great potential to be used in structural damage detection. In FRP-
strengthened reinforced concrete and steel sections, stiffness changes can be caused by cracking, yielding
of steel components, crushing of concrete, or rupture of FRP panels. With the help of wavelet transform,

itis possible to use the continuous measurements of the response to bend or torsional loading to estimate  Keywords:

the capacity of the cross-section corresponding to the stiffness changes. In this paper, the bending of . & 1ot Transform
FRP-reinforced steel beams filled by concrete under bending and CFRP-reinforced concrete beams under .
N . . Damage Detection
pure torsion is evaluated. The results showed that the location of the damage appears as perturbations

in the diagram of discrete wavelet coefficients, which indicate the time of cracking, yielding of steel, Cracking Capacity
crushing of concrete in the compression zone, and rupture of FRP. Therefore, a wavelet transform-based ~ Torsion
data processing procedure can be used to estimate the cracking and yielding capacities of the beams Bending.

subjected to torsion, the yielding capacity of the steel, and the ultimate capacity of the beams subjected
to bending. The results demonstrated a high level of agreement between the estimates obtained from the

discrete wavelet transform method and the examined experimental and numerical data.

1- Introduction

Detection of the damages in structural retrofitting or
its reconstruction is very essential [1]. It is significant that
a reliable, effective, and noninvasive detection method is
used to maintain the safety and integrity of structures [2].
One of the damage detection methods is wavelet transform.
Among the most important studies, we may refer to Wei et
al. [3], Zhong and Oyadiji [4], Yang and Oyadiji [5], Patel
et al. [6]. In the present study, first, the wavelet transform
is theoretically defined. Thereafter, it will be shown that the
capacity of the reinforced beams under torsion or bending
will be obtained through wavelet transform analysis.

2- Wavelet transform theory

Signal processing is mainly performed aiming at obtaining
as much information as possible from the initial signal.
Continuous wavelet transform was developed as a method
based on window Fourier transform to solve its response
problem. In wavelet transform, the width of the window
varies to calculate each frequency range of the signal, and this
is the most important characteristic of wavelet transform [7,
8]. One of the main advantages of the wavelets is the ability
of local analysis of a large signal. Wavelet transform reveals
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aspects of the data that could not be shown by other signal
analysis techniques. Aspects such as trends, breakpoints, and
discontinuities can be identified through higher derivatives in
wavelet analysis [9].

3- The behavior of structural elements under the influence
of load at various phases

The behavioral diagram shown in Fig. 1 indicates the
various behavioral phases of reinforced concrete under
bending or torsional loading. The OA segment of the curve
shows the completely elastic behavior of the concrete section.
As the load increases, the AB segment of the curve shows
an elastoplastic behavior in the section. In the BC segment
of the curve, the steel strain increases, and the concrete
collapse. Finally, point C represents the failure of the section,
and the corresponding force indicates the ultimate capacity
of the concrete section. The phase shift always accompanies
lower hardness in the section under the influence of loading.
Generally, the capacity-demand curves of the reinforced
concrete elements under the influence of bending or torsion
are as shown in Fig. 1. By examining the capacity-demand
curve and discrete wavelet transform, we can track the
cracking, yielding, and ultimate capacities of the section with
the increased loading in the loading regime.
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Table 1. Cracking, yielding, and ultimate torsional moments of the beam obtained
from experiments [10] as well as the wavelet transform results

Cracking Cracking Yielding Ylel(.ilng Ultimate
. . . Torsional .
. Torsional Torsional Error. Torsional Error Torsional
Experimental Moment
Specimens Moment Moment Percentage = Moment (Wav Percentage Moment
P (Exp.)! (Wav. Trans.)? % (Exp.) Trans.) % (Exp.)
(kN.m) (kN.m) (kN.m) (KN. n;) (kN.m)
ACW1 13.33 13.148 1.365 17.46 16.95 2.921 21.41
ACW2 15.15 15.176 0.17 17.63 18.01 2.155 25.26
BCW1 12.46 - - 22.5 - - 29.48
BCUJ 16.12 16.09 0.186 23 23.63 2.739 29.85
CCW1 16.56 16.47 0.543 28 28.23 0.821 33.87
' Exp.: Experimental, 2 Wav. Trans.: Wavelet Transform
Capacity o C
E' _----'_"‘--._____‘
A
D =
Demand

Fig. 1. Behavioral diagram of the reinforced concrete cross-section under loading

4- Methodology

To determine the cracking, yield, and ultimate capacities
of CFRP-reinforced concrete beams under pure torsion, five
experimental specimens from Mohammadizadeh et al. were
used [10]. Wavelet transform coefficients obtained from the
response analysis and perturbation time of the signal details
of the beam end torsion angle are investigated and their
compatibility with the time of the concrete cracking and
yielding are discussed. Next, the results of three experimental
specimens from the reference [11] are utilized to determine
the yield and ultimate capacities of CFRP-reinforced steel
beams filled with concrete under the influence of bending.
The wavelet transform coefficients and the perturbation time
of the signal details of the vertical displacement in the middle
of the beam are investigated corresponding to the steel
yielding moment and the ultimate strength of the section.

5- Results and Discussion

In the present study, we first investigated the response of
CFRP-reinforced experimental specimens under pure torsion,
so that the torsion angle corresponding to the first cracking
and yielding of the concrete is determined. The experimental
results were analyzed by the discrete wavelet transform, and
the damaged area was specified as fluctuations in the wavelet
coefficient curve. It was declared that using this method, the
time of collapse and the corresponding torsion angle could
be determined at first crack and yielding of the concrete by
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the beam end torsion angle. By comparing the experimental
results and the wavelet analysis, it can be seen that the
torsional moment associated with the cracking angle obtained
from the wavelet analysis corresponds to the torsional
moment of the section in the laboratory results, which is
obtained indirectly. Also, through numerical modeling of
the steel beam filled with the CFRP- reinforced concrete
in the Abacus, the response of the vertical displacement of
the middle of the beam was verified in the laboratory under
the influence of bending. Then the response of the vertical
displacement of the middle of the beam was analyzed using
discrete wavelet transform and the perturbation area of the
first-level details of the signal corresponding to the steel yield
moment and the ultimate section moment were compared
with the corresponding values from the experimental results.
Therefore, with this method and the diagram of the response
of the vertical displacement of the middle of the beam,
the vertical displacement corresponding to the yielding of
the steel and the ultimate section was determined. Studies
show that the mother wavelet functions of sym7 and db4
have very good performance in detecting the cracking, steel
yield, and ultimate state in CFRP-reinforced beams and their
corresponding moments. Therefore, the discrete wavelet
transform has a high capability to analyze the experimental
and numerical data responses and shows the discontinuities
of the signal as perturbations on the wavelet coefficient graph.
Table 1 shows the results of cracking torsional moment,
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Table 2. The ultimate bending moment obtained from numerical analysis and
ultimate bending moment obtained from wavelet transform

Ultimate Ultimate
Bending Bending Error
Specimens  Moment Moment Percentage
(Num.)!  (Wav. Trans.)? %
(kN.m) (kN.m)
FWB-
L1(3) 28 28.45 1.61
FWB-
L2(3) 34.54 34.1 1.273
FWB-
L3(2) 28.7 29.2 1.742

'Num. Numerical, ’Wav.Trans. Wavelet Transform

yielding torsional moment, and ultimate torsional moment
of five experimental specimens under the influence of pure
torsion obtained by experiments and the corresponding
results obtained from wavelet transform, as well as the error
percentage.

"Exp.: Experimental, > Wav. Trans.: Wavelet Transform

Table 2 shows the results of the ultimate torsional moment
of three specimens of steel beams reinforced by CFRP and
filled with concrete under the influence of bending obtained
by the numerical analysis and the corresponding results
obtained from wavelet transform and error percentage.

"Num. Numerical, >Wav.Trans. Wavelet Transform

6- Conclusion

According to the results, it can be shown that the
mother wavelet functions of sym7 and db4 have very good
performance in detecting the steel cracking, yielding, and
ultimate state in the CFRP-reinforced beams and their
corresponding moments. Therefore, the discrete wavelet
transform has a high capability to analyze the experimental
and numerical data responses and shows the discontinuities of
the signal as perturbations on the wavelet coefficient diagram.
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Table 4. Torsional cracking moment, torsional yielding moment and ultimate torsional moment from experimental [19]
and wavelet results

o plee S0P s gl o plee (Sl (Slars gl o ploe
sdiges . . oy s . . .. oy .
S S Y S go Jodox (&S ol odand S go Jodox Sk
(Lo 7 s 7 s
< (KN.m) (KN.m) (KN.m) (KN.m) (KN.m)
ACWI1 VYT AAPARZN \VIYED \Y/S8 V210 Y/avy Y/
ACW?2 ATNAIA A\INANG4 <N\Y \V/PY YA/ ATATAIN Yo/vs
BCW1 \Y/f7 - - YY/O - - Ya/fA
BCUJ VENY Vo[- AV Yy YY/PY Y/vYa Ya/AD
CCW1 V2108 \2IfY < JOFY YA YAIYY <JAY N YYIAY
Exprimental ACW-1 Numerical ACW-1
15 . il o
Siglal 10 10 T T T T T T
5 sk .
0 ﬁ L 1 1 L 1 L
5 10 15 20 25 30 35 40 500 1000 1500 2000 2500 3000
4
< 2 " HE ! i i
01 'g;;«.\w_&m."l_.wa_?:_,i!_"‘_...Jlg _E T_,,,_. -J_._.‘r__\__“_ll._..a,._JIi-‘_. . -Pf-l
= L 4 & cyrad
Detail 1 [0.05 4 = -.J_‘L 550z Sk 5 =F&r T T .
db4 o ;0’ | J TG Ul k )
005 Sl R A
-4 iJ. L 1 L -
5 10 15 20 25 30 35 40 1500 2000 2500 3000
b I i €
|' G- . _.,,YH‘_,...'“ __,w,_ E
Detail 1 4 - : 1330 qoamms —Th00— : .
sym7 2 . St l Ll ]
of ; -FIP%WM B e -
9 . fripesd 1
0.2 A " i " " - H I L L I 1 -
5 10 15 20 25 30 35 40 500 1000 1500 2000 2500 3000

A_:_'-lf s u:._'::‘w__._; 44_513 C..._J‘_)Laj LJBBI 1_91-“)59‘-’“3 A s '_:.f.\_ar_:_; -4._4_‘5|_,‘ (Shges LngbJﬁ_om

S g0 Jroud oS 4y waSLT 158 05 50 a5 5lw dud 9 (2o Lo )T ACWIT Wiges (6l pd (sloctil i 19l dowly JUScow s Ve S

Fig. 10. Signal Analysis for angel of twist at the end of beam for specimen ACW1 constructed in laboratory and simulated
in Abaqus using wavelet transform
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Fig. 13. Signal Analysis for angel of twist at the end of beam for specimen CCW1 constructed in laboratory and simulated
in Abaqus using wavelet transform
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Table 5. Specifications of materials used in the finite element model
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Fig. 16. Comparison of experimental and numerical results of moment - middle beam displacement curve of FWB-L1
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Fig. 19. a: Time-displacement curve of middle span of specimen FWB-L1 obtained from numerical analysis, decomposed
numerical response of FWBL1 specimen using mother wavelet functions, b: wavelet db4, c: wavelet sym7
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Fig. 20. Yielding moment of steel box in numerical analysis for specimen FWBL1
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Fig. 21. a: Time-displacement curve of middle span of specimen FWB-L2 obtained from numerical analysis, decomposed
numerical response of FWBL2 specimen using mother wavelet functions, b: wavelet db4, c: wavelet sym7
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Fig. 23. a: Time-displacement curve of middle span of specimen FWB-L3 obtained from numerical analysis, decomposed
numerical response of FWBL3 specimen using mother wavelet functions, b: wavelet db4, ¢: wavelet sym7
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