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Research on damage performance of steel tube reinforced by CFRP under three-point
bending loads based on acoustic emission and bat algorithm
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Abstract: In this study, the damage performance of carbon fiber reinforced polymer (CFRP) strengthened Q345
steel tubes under bending loads was researched. Through three-point bending tests, the bending strength and
energy absorption performance under different reinforcement methods were evaluated using energy characteristic
analysis. Additionally, using acoustic emission (AE) techniques, the reinforcement effects of different CFRP layup
methods on steel tubes were comparatively analyzed, as well as exploring the evolution of acoustic characteristics of
internal damage and bending failure. Finally, a damage classification model optimized by the bat algorithm (BA) for
the least squares support vector machine (LSSVM) was proposed. The study finds that CFRP winding layers increas-
ing can significantly enhance the bending strength and energy absorption capacity of the steel tubes, but increasing
the winding angle will reduce the structural performance. By comparing the acoustic emission signals of specimens
under different reinforcement methods, the effectiveness of acoustic emission technology in revealing the damage
modes of carbon fiber reinforced steel tubes during bending was confirmed. Analysis of energy probability density
and maximum likelihood estimation shows that, the composite tubes acoustic emission energy follow a power-law

distribution at different energy levels, with the energy distribution exponent increasing with the increase of CFRP
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winding layers and decreasing with the increase of winding angle. The BA-LSSVM model was established to classify

the degree of damage during the specimens damage process, with an accuracy of over 98%.

Keywords: CFRP reinforced steel tube; three-point bending; damage performance; acoustic emission; BA op-

timized LSSVM
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Table1 Performance parameters of steel pipe and carbon fiber

Steel tube Carbon fiber

Tensile strength/  Yield strength/ Extension rate Gram weight/ Tensile strength/ Elastic modulus/ Eloneation rate
MPa MPa (gm?) MPa GPa 8

670 409 16 300 3870 2.45 1.74

Carbon fiber reinforced polymers
Tension controller

Carbon fiber filament

Spinneret

Carbon fiber Steel tube

Resin tank ~ Resin
6—Winding angle
P BRETHER SRR A FPEE (CFRP)- A B 4
Fig.1 Preparation of carbon fiber reinforced polymer (CFRP)-steel

composite tube
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Table2 Name and parameters

Test CFRP winding CFRP winding .
. Quality/g

specimen  layer angle/(°)

ST - - 1651
C2T0 2 0 1799
C4TO0 4 0 1953
C2T30 2 30 1798
C2T60 2 60 1801
C2T90 2 90 1800

Note: ST—Steel tube.
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@/, Unit: mm q.

AE data acquisition system

AE—Acoustic emission
P2 e E

Fig.2 Loading device diagram
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Fig.3 Location of the acoustic emission (AE) sensor arrangement
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Fig.4 Failure forms of CFRP-reinforced tube components
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Fig.6 Load-displacement curves of CFRP-reinforced steel tubes
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Fig. 7 Comparison of energy absorption characteristic parameters of CFRP-reinforced steel tubes
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Fig. 8 Acoustic emission signal characteristic parameter diagram of CFRP-reinforced steel tubes
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Fig.9 Energy release characteristics of CFRP reinforced steel tubes
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Fig. 11 Maximum likelihood estimation curves of AE energy critical index of CFRP-reinforced steel tubes
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Fig. 13 Bat algorithm for the least squares support vector machine
(BA-LSSVM) flowchart

Stage

Stage

Opverall accuracy of test set recognition: 98.6%

O Actual classification
v Predicted classification

100 200 300 400 500

Test sample number

(a) ST
Opverall accuracy of test set recognition: 98.0%
O Actual classification
v Predicted classification
2 voovw
v v
100 200 300 400 500
Test sample number

(c) C4TO

JZ CFRP 1) & £ 45 W {H 25 £ 43 ) M\ 36.02 kN $2 T
% 40.41 kN fl 42.79kN. 4 1 W g M 68 b %
CFRP 28 53 JZ 50 K $& F+, Fi% CFRP 28 %8 ff i
3G KMk 2D o 2858 B DA 0BG il 28 90°H , I
AT RO Y 8 fer 4 e B R R R

(2) il &3 73 BT CFRP in [ 8945 09 75 & S R 2 11
B AL, ALK R 0 IR A AR A ) Ol B AR O |
Wt AR Y R SER BR BE 3 B B, IRk, A
B Bt 1) 4R 5 T 500 (A 00 W 1 4R R 05 R
PR T B0 VTN A H B

(3) 5 453 473 3 et v % A o D 00 3 ] LA 4
FARAT (0~70 kHz), 1 45i (70~140 kHz) F1 /5 4t (=
140 kHz)3 A X 8] 7 & G 06 50 3 1) 43 A X [ g
% S e CFRP Ml [ A9 45 (0 B IR RUBE Bl 5 Wk 47 4

Overall accuracy of test set recognition: 98.6%

4
O Actual classification
v Predicted classification
3 v
(]
g2 tw v
n

0 100 200 300 400 500

Test sample number
(b) C2TO
Overall accuracy of test set recognition: 99.2%
4
O Actual classification
v Predicted classification
3+ R
Q
?30 2 pvv ®
)
1 v
0 100 200 300 400 500

Test sample number
(d) C2T30



T P RSP R O 0 B = R PR T CERP I [ 8 A 458 40 1 RE A 5T - 983 -

Opverall accuracy of test set recognition: 98.8%

4
O Actual classification
v Predicted classification
3t v "
H2 v v v v
»n
1
0 100 200 300 400 500

Test sample number
(e) C2T60

Stage
[\S)

Overall accuracy of test set recognition: 98.0%

O Actual classification

v Predicted classification

100 200 300 400 500
Test sample number

(f) C2T90

P14 CFRP Jil [ 935 #Y BB 20 5 SEBR A 2 A% LL 1]

Fig. 14 Comparison chart of predicted damage types and actual damage types of CFRP-reinforced steel tubes
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