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Abstract

To evaluate the energy absorption performance of graded thickness square metallic thin-walled tubes
under manufacturing imperfections and to explore potential approaches for enhancing their crash-
worthiness in the presence of defects, a finite element model of axial compression was established us-
ing LS-DYNA. The deformation mechanisms of graded-thickness design under quasi-static compression,
as well as the effects of torsional initial geometric imperfections on energy absorption characteristics,
were systematically investigated. The results indicate that, compared with uniform-thickness tubes,
the graded-thickness design effectively alters the buckling evolution process and promotes the for-
mation of high energy-absorbing extensional deformation modes. Under ideal configurations, graded-
thickness tubes exhibit significantly superior energy absorption performance, with the initial peak
crushing force reduced by up to 58.4% and the crushing force efficiency increased by up to 186.6%.
The introduction of torsional initial geometric imperfections suppresses the development of the ex-
tensional deformation mode and leads to a general degradation in energy absorption capacity. How-
ever, graded-thickness tubes still demonstrate better energy absorption capability than uniform-
thickness tubes under imperfect conditions, indicating strong structural robustness in engineering
applications.
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Figure 1. Classical deformation modes of thin-walled tubes
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Figure 2. 3D schematics of graded thickness thin-walled tubes
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Figure 3. Finite element model of thin-walled tubes subjected to axial loading
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Figure 4. Kinetic and internal energy evolution during compression under quasi-static loading
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Figure 5. Verification results of deformation modes
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Figure 6. Comparison of force-displacement curve between the experiment test and simulation
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Table 1. Validation of energy absorption indicators
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S 2.469 N/A
[15] HIRoG 2.251 N/A
R 8.83% N/A
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Figure 7. Final crushing modes of thin-walled tubes under quasi-static loading
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Figure 8. Measurement diagram of deformation mode ratio
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Table 2. Statistical data on the proportion of deformation modes
= 2. TRAR LGRS it $iE

BERH G L(E) (mm) L(S) (mm) L(E)/L L(S)/L
0 0 200 0 100%
0.001 102.04 97.96 51.02% 48.98%
0.002 64.60 135.4 32.30% 67.70%
0.004 44.60 155.4 22.30% 77.70%
0.006 22.30 177.7 11.15% 88.85%
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Table 3. Comparative analysis of crashworthiness of thin-walled tubes
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0 1069.1 28.1 25.4
0.001 1375.3 (28.6%) 25.9 (—7.8%) 35.4 (39.4%)
0.002 1220.4 (14.2%) 22.5 (—19.9%) 35.9 (41.3%)
0.004 1239.1 (15.9%) 13.6 (-51.6%) 60.6 (138.6%)
0.006 1275.4 (19.3%) 11.7 (-58.4%) 72.8 (186.6%)
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Figure 9. Schematic diagram of torsional initial imperfections
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Figure 10. Final deformation modes of thin-walled tubes with torsional initial geometric imperfections
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Table 4. Proportion of extensional deformation modes in thin-walled tubes with torsional initial geometric imperfections
2 4. HEBIR LA BREE T E B B IME T AR S EE

Y=0° Y =0.025° Y =0.05° Y =0.075° Y=0.1° Y=0.3"

G=0 0% 0% 0% 0% 0% 0%
G =0.001 51.02% 31.02% 29.77% 28.52% 14.77% 16.02%
G =0.002 32.30% 32.50% 29.99% 15.00% 15.00% 31.04%
G =0.004 22.30% 14.85% 28.59% 14.85% 14.85% 14.85%
G =0.006 11.15% 11.15% 11.15% 11.15% 11.15% 11.14%
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Figure 11. Energy absorption of thin-walled tubes with torsional initial geometric imperfections
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