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Dynamic Behavior of Advanced Materials and Structures

Weidong Song * and Lijun Xiao

State Key Laboratory of Explosion Science and Safety Protection, Beijing 100081, China; xljbit@bit.edu.cn
* Correspondence: swdgh@bit.edu.cn

Following the rise in applications of materials and structures in complex environments,
such as high-speed impacts and explosions, research on the dynamic response of materi-
als and structures is becoming increasingly important [1-3]. Studying their mechanical
behavior of advanced materials and structures, such as mechanical metamaterials [4-8],
composites [9-11], and lightweight sandwich structures [12-14], under dynamic loads
and gaining a thorough understanding of their behavioral characteristics under extreme
conditions are vital for both material and structural optimization, as well as ensuring their
safety and reliability in service. This Special Issue (SI), “Dynamic Behavior of Advanced
Materials and Structures”, presents recent theoretical, experimental, and simulation re-
search findings regarding the dynamic behavior of advanced material and structures. This
Editorial summarizes the ten publications (nine research articles and one review article)
included in this SI.

Unlike traditional materials that expand laterally under compression, auxetics display
a distinct negative Poisson’s ratio characteristic, which enhances their energy absorption
capacity under dynamic loading [15-17]. Accordingly, auxetics have attracted extensive
research attention in recent years [18-20]. Galea Mifsud et al. [21] summarized the research
progress on analyzing the mechanical properties and deformation mechanisms of auxetic
systems through finite-element simulations.

Carbon-fiber-reinforced polymers (CFRPs) have a variety of advantages properties
in comparison to metals, including light weight, high strength, high stiffness, corrosion
resistance, and fatigue resistance [22,23], and have been widely used in fields of aerospace
and traffic control. However, the dynamic performance and failure mechanism of CFPRs
remain unclear due to their complex mesoscopic structure. Qiang et al. [24] presented the
low-velocity impact response and residual compressive properties of carbon fiber-epoxy
resin (CF/EP) composites, revealing the impact damage on the compression failure mech-
anisms of the materials. Xi et al. [25] reported that the energy absorption capacities and
failure modes of the open-section, thin-walled composite structures under axial crush-
ing loading could be regulated by changing the geometry of the cross-section. Stachyra
et al. [26] introduced a novel analytical description for coupled mode shapes of a cantilever
composite beam. Lan et al. [27] demonstrated that the preloading value and the impact
velocity affected the delamination behavior of CFRP laminated plates significantly. The
resistance to out-of-plane displacement of the laminated plates could be enhanced by
biaxial tensile preload.

With the advancement of technology, lightweight materials have become widespread
in the development of protective structures. Sandwich structures filled with lightweight
materials, such as foams and honeycombs, have been widely applied in energy-absorbing
devices for collision protection in fields including aerospace, rail transportation, and the
automotive industry, due to their light weight, high specific strength, and high specific
stiffness [28,29]. How to design high-efficiency sandwich structures for energy absorption
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is a widely studied topic. Mahgoub et al. [30] experimentally investigated the dynamic
response of a sandwich beam filled with a stepwise gradient polymethacrylimide (PMI)
foam core under low-velocity impacts, demonstrating that a negative gradient core is
beneficial for energy absorption.

In military and public security safety fields, materials and structures are often subjected
to explosive shock waves. Bian et al. [31] investigated the dynamic response of non-metallic
annular protective structures made by the continuous winding of PE fibers under internal
blasts, indicating that the blast resistance of the structure can be improved by adding
polyurethane foam in the inner layer. The dynamic response of a rectangular steel plate
subjected to shock waves was examined by Li et al. [32] through the wavelet transform
(WT) and the improved ensemble empirical mode decomposition (EEMD) methods.

Steel automotive wheel rims typically experience dynamic wear and tear during
service, which significantly affect their service life. Borecki et al. [33] proposed new
methods for identifying the technical condition of steel car wheel rims and predicting
the approaching end of wheel rim service life with limited parameters.

Electromagnetic springs, which act as an active vibration isolation system, have been
widely researched due to their fast response, non-contact, and adjustable stiffness [34,35]. In
the study by Zheng et al. [36], an improved Bouc-Wen Model was proposed to describe the
dynamic characteristics of a toothed electromagnetic spring, which enhanced the accuracy
of predicting the hysteresis behavior in electromagnetic spring active isolators.

Nowadays, with the rapid development of advanced manufacturing technologies
such as additive manufacturing, an increasing number of advanced materials and struc-
tures have been developed, including multi-component alloys [37-39], interpenetrating
phase composites [40—42], and nanomaterials [43,44]. Future research needs to pay more
attention to the dynamic behavior of these novel materials. Simultaneously, the dynamic
behavior of materials often depends on their microstructures, necessitating more extensive
application of multi-scale analysis methods for investigation [45-47]. Additionally, inte-
grating artificial intelligence technologies with mechanical design and the prediction of
materials/structures [48-50] also requires further investigation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Meyers, M.A. Dynamic Behavior of Materials; John Wiley & Sons: Hoboken, NJ, USA, 1994.

2. Silberschmidt, V. Dynamic Deformation, Damage and Fracture in Composite Materials and Structures; Woodhead Publishing: Cam-
bridge, UK, 2016.

3.  Shukla, A.; Ravichandran, G.; Rajapakse, Y. Dynamic Failure of Materials and Structures; Springer: Berlin/Heidelberg,
Germany, 2010.

4. Yu, X; Zhou, J.; Liang, H,; Jiang, Z.; Wu, L. Mechanical Metamaterials Associated with Stiffness, Rigidity and Compressibility: A
Brief Review. Prog. Mater. Sci. 2018, 94, 114-173. [CrossRef]

5. Xiao, L.; Shi, G.; Song, W. Machine Learning Predictions on the Compressive Stress-Strain Response of Lattice-Based Metamateri-
als. Int. J. Solids Struct. 2024, 300, 112893. [CrossRef]

6. Zheng, X.; Lee, H.; Weisgraber, T.H.; Shusteff, M.; DeOtte, ].; Duoss, E.B.; Kuntz, ].D.; Biener, M.M.; Ge, Q.; Jackson, J.A ; et al.
Ultralight, Ultrastiff Mechanical Metamaterials. Science 2014, 344, 1373-1377. [CrossRef]

7. Song, W.; Li, R; Feng, G.; Xiao, L. Large Dynamic Mechanical Behaviors and Deformation Mechanism of Hybrid Triply Periodic
Minimal Surface Structures. Int. J. Impact Eng. 2025, 203, 105359. [CrossRef]

8. Feng, G.; Li, S.; Xiao, L.; Song, W. Mechanical Properties and Deformation Behavior of Functionally Graded TPMS Structures
under Static and Dynamic Loading. Int. J. Impact Eng. 2023, 176, 104554. [CrossRef]

9.  Zhu, T; Ren, Z.; Xu, J.; Shen, L.; Xiao, C.; Zhang, C.; Zhou, X.; Jian, X. Damage evolution model and failure mechanism of
continuous carbon fiber-reinforced thermoplastic resin matrix composite materials. Compos. Sci. Technol. 2023, 244, 110300.
[CrossRef]



Materials 2025, 18, 2878

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wang, A.; Xu, G.; Liu, X. Effect of polyurea coating on low-velocity impact properties of unidirectional carbon fiber-reinforced
polymer composites plates. Structures 2024, 61, 106090. [CrossRef]

Chen, P; Li, Y;; Yin, B.; Li, S; Jia, W.; Lao, D.; Wang, H.; Liu, ]. New design of bismuth borate ceramic/epoxy composites with
excellent fracture toughness and radiation shielding capabilities. Mater. Today Commun. 2023, 35, 106102. [CrossRef]

Zhu, Y.; Sun, Y. Dynamic response of foam core sandwich panel with composite face sheets during low-velocity impact and
penetration. Int. J. Impact Eng. 2020, 139, 103508. [CrossRef]

Acanfora, V.; Zarrelli, M.; Riccio, A. Experimental and numerical assessment of the impact behaviour of a composite sandwich
panel with a polymeric honeycomb core. Int. |. Impact Eng. 2023, 171, 104392. [CrossRef]

Li, J.; Zhang, W.; Wang, Z.; Wang, Q.; Wu, T.; Qin, Q. Dynamic response and failure of CFRP Kagome lattice core sandwich panels
subjected to low-velocity impact. Int. J. Impact Eng. 2023, 181, 104737. [CrossRef]

Jin, X;; Wang, Z.; Ning, J.; Xiao, G.; Liu, E.; Shu, X. Dynamic Response of Sandwich Structures with Graded Auxetic Honeycomb
Cores under Blast Loading. Compos. Part B Eng. 2016, 106, 206-217. [CrossRef]

Zhang, X.; Hao, H.; Tian, R.; Xue, Q.; Guan, H.; Yang, X. Quasi-Static Compression and Dynamic Crushing Behaviors of Novel
Hybrid Re-Entrant Auxetic Metamaterials with Enhanced Energy-Absorption. Compos. Struct. 2022, 288, 115399. [CrossRef]
Zhang, Y.; Ren, X,; Han, D.; Cheng, X.; Jiang, W.; Zhang, X.; Zhang, X.; Xie, Y. Static and Dynamic Properties of a Perforated
Metallic Auxetic Metamaterial with Tunable Stiffness and Energy Absorption. Int. J. Impact Eng. 2022, 164, 104193. [CrossRef]
Guo, M.; Yang, H.; Ma, L. 3D Lightweight Double Arrow-Head Plate-Lattice Auxetic Structures with Enhanced Stiffness and
Energy Absorption Performance. Compos. Struct. 2022, 290, 115484. [CrossRef]

Duncan, O.; Shepherd, T.; Moroney, C.; Foster, L.; Venkatraman, P.D.; Winwood, K.; Allen, T.; Alderson, A. Review of Auxetic
Materials for Sports Applications: Expanding Options in Comfort and Protection. Appl. Sci. 2018, 8, 941. [CrossRef]

Kolken, HM.A ; Zadpoor, A.A. Auxetic Mechanical Metamaterials. RSC Adv. 2017, 7, 5111-5129. [CrossRef]

Galea Mifsud, R.; Muscat, G.A.; Grima-Cornish, J.N.; Dudek, K.K.; Cardona, M.A.; Attard, D.; Farrugia, P-S.; Gatt, R.; Evans, K.E.;
Grima, ].N. Auxetics and FEA: Modern Materials Driven by Modern Simulation Methods. Materials 2024, 17, 1506. [CrossRef]
Sridharan, S.; Pankow, M. Performance Evaluation of Two Progressive Damage Models for Composite Laminates under Various
Speed Impact Loading. Int. J. Impact Eng. 2020, 143, 103615. [CrossRef]

Liu, S;; Luan, Y;; Li, Y.; Su, Q.; Guo, Z.; Song, W. A 3D printed continuous carbon fiber reinforced composite with function of
self-detecting and self-healing of internal damages. Compos. Sci. Technol. 2023, 243, 110264. [CrossRef]

Qiang, X.; Wang, T.; Xue, H.; Ding, J.; Deng, C. Study on Low-Velocity Impact and Residual Compressive Mechanical Properties
of Carbon Fiber-Epoxy Resin Composites. Materials 2024, 17, 3766. [CrossRef] [PubMed]

Xi, X.; Xue, P; Liu, X.; Bai, C.; Zhang, X.; Li, X;; Zhang, C.; Yang, X. Energy Absorption and Failure Modes of Different Composite
Open-Section Crush Elements under Axial Crushing Loading. Materials 2024, 17, 3197. [CrossRef] [PubMed]

Stachyra, G.; Kloda, L.; Szmit, Z. Coupled Modal Analysis and Aerodynamics of Rotating Composite Beam. Materials 2023,
16, 7356. [CrossRef]

Lan, K.; Wang, H.; Wang, C. Delamination Behavior of CFRP Laminated Plates under the Combination of Tensile Preloading and
Impact Loading. Materials 2023, 16, 6595. [CrossRef] [PubMed]

Li, J.; Gao, G.; Yu, Y.; Zhuo, T. Experimental and numerical study on the lightweight design of load-bearing energy absorption
structure for subway train. Thin-Walled Struct. 2024, 197, 111542. [CrossRef]

Zhao, X.; Wei, L.; Wen, D.; Zhu, G.; Yu, Q.; Ma, Z. Bending response and energy absorption of sandwich beams with novel auxetic
honeycomb core. Eng. Struct. 2021, 247, 113204. [CrossRef]

Mahgoub, M.; Liu, C,; Tan, Z. Study on Dynamic Mechanical Properties of Sandwich Beam with Stepwise Gradient Poly-
methacrylimide (PMI) Foam Core under Low-Velocity Impact. Materials 2024, 17, 2099. [CrossRef]

Bian, X.; Yang, L.; Wang, T.; Huang, G. Numerical Investigation on Anti-Explosion Performance of Non-Metallic Annular
Protective Structures. Materials 2023, 16, 7549. [CrossRef]

Li, Z.; Xu, W.; Wang, C.; Liu, X.; Sun, Y. Investigation on Vibration Characteristics of Thin-Walled Steel Structures under Shock
Waves. Materials 2023, 16, 4748. [CrossRef]

Borecki, M.; Rychlik, A.; Zan, L.; Korwin-Pawlowski, M.L. Steel Automotive Wheel Rims—Data Fusion for the Precise Identifica-
tion of the Technical Condition and Indication of the Approaching End of Service Life. Materials 2024, 17, 475. [CrossRef]

Yu, S.; Wang, A.; Zhao, L. Characteristics test study on electromagnetic actuator. Mach. Des. Manuf. 2011, 1, 136-138.

Zhang, B. Research on Hybrid Isolator Design Technique. Master’s Thesis, Harbin Engineering University, Harbin, China, 2011.
Zheng, X.; Zhang, C.; Lou, Y.; Xue, G.; Bai, H. Dynamic Characteristic Analysis of a Toothed Electromagnetic Spring Based on the
Improved Bouc—Wen Model. Materials 2023, 16, 4889. [CrossRef]

Liu, S.; Hu, M.; Xiao, L.; Feng, G.; Song, K.; Song, W.; Qiao, J. Effects of Strain Rate and Low Temperature on Dynamic Behaviors
of Additively Manufactured CoCrFeMnNi High-Entropy Alloys. Mater. Sci. Eng. A 2024, 913, 147100. [CrossRef]

Medvedev, A.E.; Maconachie, T.; Leary, M.; Qian, M.; Brandt, M. Materials & Design Perspectives on Additive Manufacturing for
Dynamic Impact Applications. Mater. Des. 2022, 221, 110963.



Materials 2025, 18, 2878

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

George, E.P.,; Curtin, W.A,; Tasan, C.C. High Entropy Alloys: A Focused Review of Mechanical Properties and Deformation
Mechanisms. Acta Mater. 2020, 188, 435-474. [CrossRef]

Song, W.; Mu, K,; Feng, G.; Huang, Z,; Liu, Y.; Huang, X.; Xiao, L. Mechanical Properties of 3D Printed Interpenetrating Phase
Composites with TPMS Architectures. Thin-Walled Struct. 2023, 193, 111210. [CrossRef]

Xiao, L.; Mu, K;; Liu, S.; Song, W. Experimental Study on the Fracture Behavior of 3D Printed Interpenetrating Phase Composites
with Triply Periodic Minimal Surface Architectures. Thin-Walled Struct. 2025, 208, 112847. [CrossRef]

Zhang, M.; Zhao, N.; Yu, Q.; Liu, Z.; Qu, R;; Zhang, J.; Li, S.; Ren, D.; Berto, F.; Zhang, Z.; et al. On the Damage Tolerance of
3-D Printed Mg-Ti Interpenetrating-Phase Composites with Bioinspired Architectures. Nat. Commun. 2022, 13, 1-13. [CrossRef]
[PubMed]

Crook, C.; Bauer, J.; Guell Izard, A.; Santos de Oliveira, C.; Martins de Souza e Silva, J.; Berger, ].B.; Valdevit, L. Plate-Nanolattices
at the Theoretical Limit of Stiffness and Strength. Nat. Commun. 2020, 11, 1-11. [CrossRef]

Wang, Y.; Zhang, X.; Li, Z.; Gao, H.; Li, X. Achieving the Theoretical Limit of Strength in Shell-Based Carbon Nanolattices. Proc.
Natl. Acad. Sci. USA 2022, 119, 1-11. [CrossRef]

Liu, S.; Sun, T;; Kou, Z.; Han, X.; Gao, Q.; Zhang, J.; Liu, X.; Zhang, L.; Orava, J.; Song, K.; et al. Promising Pathways for
Balancing Strength and Ductility in Chemically Complex Alloys with Medium-to-high Stacking Fault Energies. Int. J. Plast. 2025,
190, 104358. [CrossRef]

Lei, M.; Aditya, R.; Liu, L.; Wu, M.; Wang, J.; Zhou, K,; Yao, Y. A Multi-Scale Constitutive Model for AlSi10Mg Alloy Fabricated
via Laser Powder Bed Fusion. Int. |. Solids Struct. 2025, 306, 113111. [CrossRef]

Tang, Y.; Li, D. Dynamic Response of High-Entropy Alloys to Ballistic Impact. Sci. Adv. 2022, 8, 1-9. [CrossRef]

Yu, G.; Xiao, L.; Song, W. Deep Learning-Based Heterogeneous Strategy for Customizing Responses of Lattice Structures. Int. |.
Mech. Sci. 2022, 229, 107531. [CrossRef]

Li, X.; Wang, P.; Zhao, M.; Su, X,; Tan, Y.; Ding, J. Customizable Anisotropic Microlattices for Additive Manufacturing: Machine
Learning Accelerated Design, Mechanical Properties and Structural-Property Relationships. Addit. Manuf. 2024, 89, 104248.
[CrossRef]

Liu, Q.; Wu, D. Machine Learning and Feature Representation Approaches to Predict Stress-Strain Curves of Additively
Manufactured Metamaterials with Varying Structure and Process Parameters. Mater. Des. 2024, 241, 112932. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



7

.-éi materials m\py

Article
Study on Low-Velocity Impact and Residual Compressive
Mechanical Properties of Carbon Fiber-Epoxy Resin Composites

Xueyuan Qiang !, Te Wang !, Hua Xue !, Jun Ding ?* and Chengji Deng >

National Center for Composites Quality Testing & Inspectionl (Hubei), Hubei Zery Testing Technology Co.,
Ltd., Xiangyang 441000, China

The State Key Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology,
Wuhan 430081, China

Correspondence: dingjun@wust.edu.cn

Abstract: Room temperature drop hammer impact and compression after impact (CAI) experiments
were conducted on carbon fiber-epoxy resin (CF/EP) composites to investigate the variation in
impact load and absorbed energy, as well as to determine the residual compressive strength of
CF/EP composites following impact damage. Industrial CT scanning was employed to observe the
damage morphology after both impact and compression, aiding in the study of impact-damage and
compression-failure mechanisms. The results indicate that, under the impact load, the surface of
a CF/EP composite exhibits evident cratering as the impact energy increases, while cracks form
along the length direction on the back surface. The residual compressive strength exhibits an inverse
relationship with the impact energy. Impact damage occurring at an energy lower than 45 J results in
end crushing during the compression of CF/EP composites, whereas energy exceeding 45 J leads
to the formation of long cracks spanning the entire width of the specimen, primarily distributed
symmetrically along the center of the specimen.

Keywords: CF/EP composites; low-velocity impact; impact-damage mechanism; compression after
impact; failure mechanism

1. Introduction

Resin matrix composites have broad development prospects due to their brilliant
fatigue resistance, corrosion resistance, and shock absorption. In addition, resin matrix
composites possess the advantages of a simple forming process, strong plasticity of the
material structure, and performance, and are widely used in the automotive industry,
aerospace industry, and coal-mining industry [1-4]. Carbon-fiber-reinforced composites, a
pivotal category within resin matrix composites, find extensive utilization in the aerospace
sector, shipbuilding, and other fields owing to their higher strength, lower density, and
better fatigue resistance [5-10]. However, with the continuous improvement of material
performance requirements, particularly when confronted with dynamic impact loads (for
example, the effect of bird flocks, hail, and other foreign objects on aircraft during flight),
the research on the impact resistance and damage mechanism of carbon-fiber-reinforced
plastics (CFRP) has become crucial [11-17].

In practical applications, carbon-fiber composites may face a variety of impact loads
from collisions, impacts, and accidents. Therefore, many scholars have implemented stud-
ies on their impact resistance and damage mechanism [18-21]. Liu et al. [22] prepared
hybrid composite laminates composed of carbon-fiber unidirectional layers and braided
layers by the resin-impregnation method and carried out drop-weight impact experiments
on different laminated samples. The results show that the laminated samples affect the
impact response of the composite laminates by changing the overall bending stiffness.
Kumar et al. [23] prepared SiC/ Al composites and explored the influence of SiC content
on its shock resistance and wear resistance. The results indicate that the impact strength

Materials 2024, 17, 3766. https:/ /doi.org/10.3390/mal7153766 5 https://www.mdpi.com/journal /materials
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and specific wear of the composites with SiC volume fraction is 9%. Some studies have
already proven that glass fiber possesses strong impact resistance. Therefore, to further
enhance the properties of CFRP in low-velocity impact tests, some researchers contem-
plated adding a glass-fiber layer to it [24-27]. Lei et al. [28] investigated the low-velocity
impact and post-compression behavior following the impact of various fiber composites
and flame-retardant epoxy resin. The findings prove that introducing glass fiber can
change the impact-damage mode of laminates and effectively improve the impact resis-
tance and compressive impact strength of laminates. When it comes to the study of the
damage behavior of carbon-fiber-reinforced resin matrix composites, in addition to rou-
tine performance testing and cross-sectional morphology analysis, researchers can also
utilize finite-element methods to simulate the behavior of carbon-fiber composites under
impact loads and predict their damage mechanisms [29-31]. Researchers [32-38] have
carried out research on the mechanical properties of materials with single/mixed rein-
forcements for low-velocity impact or/and post-impact damage and analyzed the material
failure mechanisms.

In summary, researching the impact resistance and damage mechanism of CFRP is not
only of great significance for improving the performance and reliability of materials but
also provides theoretical guidance and technical support for its widespread applications
in aviation, automotive, and other fields [39—41]. Most studies adopt ultrasonic and ray
damage research means and fewer of them use the industrial CT method. The existing
literature on T700 carbon-fiber-reinforced epoxy-resin matrix composites’ low-speed im-
pact and post-impact damage research appears to be insufficient, while the utilization of
industrial CT to study the impact damage is little reported. The existing research mainly
focuses on the influence of reinforcing materials and preparation methods on the properties
of composites, but the damage mechanisms of composites under varying loads may turn
out to be corresponding changing forms. Therefore, this study used T700 carbon fiber as
the reinforcing material, QC350 epoxy resin was used as the matrix, and composites were
prepared by the vacuum introduction molding method. Through low-speed impact and
post-impact compression tests, based on the non-destructive characterization method of
industrial CT, the damage failure mechanism of laminated plates was analyzed, and the
effect of impact energy on residual compressive strength was investigated.

2. Materials and Methods
2.1. Materials

The reinforcement material is T700 carbon-fiber multidirectional cloth (Toray, Tokyo,
Japan), the matrix material is epoxy resin QC350, and the ratio of QC350 is QC350A:QC350B
=100:30. The plywood layup is [(45/—45)/(0/90)]. The nominal thickness of the single
layer is 0.29 mm, and the thickness of the specimen is 5.7 mm. The performance parameters
of T700 carbon-fiber multidirectional cloth are detailed in Table 1, and the performance
parameters of epoxy resin QC350 are detailed in Table 2.

Table 1. Property parameters of T700 carbon fibers.

Tensile Young's NP . . _3y Fiber Volume . .
Strength/MPa  Modulus/MPa Elongation/%  Fineness/(g/km) Density/(g-cm—3) Fraction/% Thickness/mm  Diameter/um
4900 2300 2.1 800 1.80 54.5 0.42 7

Table 2. Property parameters of QC350 epoxy resin.

Mixed Glass-Transition Tensile
Viscosity/(CPS) Temperature/°C Strength/MPa

250~300 75~85 65~75 2800~3200

Modulus/MPa

CF/EP composites were prepared by the vacuum introduction molding method, and
the preparation schematic is shown in Figure 1. In accordance with the prescribed lay-up
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order, the prefabricated body was laid flat to the mold surface, and the auxiliary materials,
such as the infusion net and the inlet-outlet hose, were laid in order to strengthen the flow
performance of the epoxy resin. A vacuum-bag film with a length and width of 400 mm
larger than the sample was laid flat, and the mold cavity was sealed with sealing tape. At
room temperature, the vacuum system was used to achieve the pressure of 0.1 Pa between
the vacuum bag and the mold cavity, and the pressure was maintained for 1 h. With the
assistance of the atmospheric pressure effect, the epoxy resin slowly entered the cavity
along the infusion network until the resin filled up the entire mold and impregnated the
preformed body, and then it was cured at 80 °C.

Epoxy resin
Deflector mesh

Release cloth

Prefabricated body

Vacuum pump system

Sealing strip
Molds

Figure 1. Schematic diagram of vacuum infusion molding.

2.2. Testing and Characterization

According to ASTM D7136/D7136M-2020 [42], the low-velocity impact test was car-
ried out by using a ¢16 mm hemispherical punch with a weight of 4.3 kg, and the weight
of the whole drop-weight system was 5.482 kg (the equipment model and manufacturer
are CEAST 9350, Instron, Pianezza, Italy). The sample should be placed on the impact fixed
base, and the position of the sample should be adjusted appropriately. In that case, the
end of the punch could accurately impact the center of the sample. Put down four plastic
calipers in turn (as shown in Figure 2) to ensure that the calipers can firmly fix the sample,
and the clamping force on the sample is basically the same so as to prevent the sample
from slipping during the drop hammer impact process, affecting the accuracy of the test
results. According to the test requirements under different amounts of energy, the test
parameters were set in turn. The impact energies were sequentially administered at 25 J,
35],45],65],85],105], and 125 ], resulting in impact velocities of 3.02 m/s, 3.57 m/s,
4.05m/s,4.87m/s,5.57 m/s, 6.19 m/s, and 6.75 m/s, respectively. At the same time, the
drop hammer impact test in turn should be carried out using the anti-secondary impact
device. Through the data acquisition system, the key performance indexes, such as energy
absorption and bearing load of the sample during the impact process, are obtained, and
the impact resistance of the material is evaluated.

According to the ASTM D7136 standard, the velocity v(t), displacement §(t) and
absorbed energy E, (t) of the punch varying with time can be obtained and are shown in
Equation (1), Equation (2), and Equation (3), respectively.

“E(t)

v(t) =vi+gt— /0 ?dt 1)
where v(t) is the velocity of the punch at moment t in m/s. v; is the initial velocity of the
punch in m/s. g is the acceleration of gravity in m/s?.F(t) is the contact force at moment t
in N. m is the mass of the punch in kg.

gt? t( tF(t) )
Ot = O it+ =2— — —=dt |dt 2
c=atwt+ S (] @

m

where 5(t) is the punch displacement in mm. ; is the starting displacement of the punch
att=0in mm.
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m(vi2 - V(t)2>

Eq(t) = ———5—— +mgs(1) ©)

where E, (t) is the absorbed energy at time t in J.
The compressive damage load of the plywood obtained from the compression test can
be calculated from Equation (4) to obtain the compressive strength F<AL,

FCAI == Pmax/ A (4)

where FAL is the compressive strength in MPa. Ppay is the maximum load in N at the time

of specimen destruction. A is the cross-sectional area of the specimen in mm?.

Figure 2. Clamping diagram of low-velocity impact test specimen.

The residual compression test under different impact energies was carried out by an
electronic universal testing machine (Instron 5989, Instron; the physical picture of the device
is shown in Figure 3). The sample after the impact test was clamped to the compression
fixture to ensure that the sample and the fixture were aligned, and the damage position of
the sample emerged at the center of the fixture. At the same time, the fixture was equipped
with an anti-bending device to prevent the introduction of bending loads other than axial
compression during the compression process. The fixture specimen was positioned within
the pressure plates of the testing apparatus and subjected to a compression load applied
longitudinally along its axis at a rate of 1.25 mm/min until reaching its peak, where the
load decreased by 30%. The apparent morphology of the test sample was observed by
industrial CT.

Figure 3. Schematic diagram of the remaining compression experimental fixture after impact.
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3. Results and Discussion
3.1. Low-Speed Impact Experiment

Figures 4-6 show the non-destructive CT inspection patterns of CF/EP composites on
the front and back of the specimens after impacts at different energies. It can be seen that
round craters of different sizes and depths are produced on the impact surface, and long
cracks along the axial direction appear on the back surface. It can be observed from Figure 4
that, when the impact energy is 45 J, while there are only shallow pits on the surface of the
sample, there are only a few short cracks and inconspicuous damage. At an impact energy
of 105 J, an increasing incidence of extensive internal cracks becomes discernible within
the specimen (Figure 5). Figure 6 shows the surface and back of the specimen after the
125 J impact energy impact test, from which the back of the specimen is affected by tensile
stress can be seen, resulting in fiber fracture, but the damage does not penetrate the entire
specimen. It can be acknowledged that, with the increase of impact energy, the longer the
crack, the greater the impact damage will be [43—45].

20 mm 20 mm

Figure 4. CT damage atlas of sample after 45 ] impact energy (a) specimen face, (b)specimen back.

20 mm

Figure 5. CT damage atlas of sample after 105 ] impact energy (a) specimen face, (b)specimen back.

20 mm

Figure 6. CT damage atlas of sample after 125 ] impact energy (a) specimen face, (b)specimen back.



Materials 2024, 17, 3766

Figure 7 demonstrates the load-time curve, energy-time curve, and load-displacement
curve of CF/EP composites under different energy impacts. It can be observed from
Figure 7a that the curves display three stages: linear loading, platform, and nonlinear
unloading. Under low-energy impact, the sample undergoes a short platform stage and
then enters the unloading stage, indicating that there is a debonding of the sample matrix
from the fibers and a small amount of fiber breakage. Because of the rapid impact process,
in a very short period of time, when the phenomenon of debonding and fiber breakage
is obviously intensified, there is an outstanding downward trend at the curve until the
specimen is damaged. The composite’s failure modifies from matrix failure to fiber fracture,
and the fiber is capable of resisting the punch load. Therefore, when the energy exceeds
45 7], the load increases rapidly, which is the “critical value” of the composite-failure mode
transformation. With the energy reaching 125 ], the load value of the platform stage
fluctuates significantly, indicating that a wide area of fiber and matrix failure becomes
evident on the back of the sample [46,47]. When the integrity of the laminated plate
structure is destroyed, its bearing capacity experiences a corresponding decrease, and the
impact force holds a downward trend in the second half of the platform stage.

(a)zsooo L 251 (b) 120

35 100 b
45)
65) 80 F
85J
1051 60
125J
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/N

S 15000

Load
Energy/]
3
T

10000

5000

Time/ms Time/ms

©)=f

20

Load/kN

6 -4 2 0 2 4 6 8

Displacement/mm
Figure 7. Load/energy-time curves and load-displacement curves of specimens under different
impact energy levels; (a) load-time curves, (b) energy-time curves, (c) load-displacement curves.

It is evident from Figure 7b that the absorbed energy (dissipated energy) in the
composite sample is less than the initial impact energy. This is owing to the damage, such
as fiber breakage, in the sample consuming part of the energy. When the energy increases to
45 ], the peak absorption energy undergoes a leapfrog increase, and the primary mechanism
of energy dissipation transforms from matrix cracking to fiber fracture progressively, which
is consistent with the conclusion of Figure 7a. With the increasing impact energy, the
composites will absorb more energy.

It can be indicated from Figure 7c that the whole load-displacement curve shows two
stages, namely the linear loading stage and the nonlinear unloading stage. However, at
low energy impacts, three phases are presented, which are the linear loading phase, the
nonlinear loading phase, and the nonlinear unloading phase, which are more obvious.
During the loading stage, the curve is linear and accompanied by a small jagged fluctuation.

10
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It shows that, during the impact-loading process, the composite laminate contains a large
number of staggered carbon fibers to continuously resist the pressure applied by the punch,
resulting in a continuous reciprocating ‘pressure-resistance” phenomenon, and the stiffness
change is small or even ignored. During the loading process, the majority of the punch’s
kinetic energy is stored as elastic strain energy. As the punch applies sustained pressure
to the laminate, the composite experiences matrix failure accompanied by progressive
fiber breakage until the load reaches its peak capacity. When the impact force reaches
the peak, the punch rebounds under the action of accumulated elastic strain energy, and
the load-displacement curve also enters the nonlinear unloading stage. When the load
is unloaded to zero, the displacement on the curve does not return to the initial position,
which is caused by the impact-induced irreversible damage of the laminate and a small
part of the energy dissipation loss [37,48,49].

3.2. Compression Experiment after Impact

The residual compressive strength and damage that form the CF/EP composites under
different impact energies at room temperature are listed in Table 3. It can be seen from
Table 3 that the damage mode of the sample is end crushing, while the impact energy is
less than 45 J. Compared to Figure 4, it can be observed that, after the sample is impacted
by low energy, the impact surface forms pits of different depths, and micro-damage, such
as surface matrix cracking, occurs. The impact-damage area is small, and the residual
bearing capacity of the sample is sufficient. When the impact energy exceeds 45 J, the
damage mode of the specimen changes to LDM (lateral multi-layered expansion) damage,
and the residual compressive bearing capacity of the specimen is significantly reduced
or even fails, which is consistent with the findings in the previous section. The residual
compressive strength at the maximum energy of 125 J is 165.62 MPa, which is 37% lower
than that at 25 J. According to the content of Table 3, the curve of impact energy surplus
compressive strength shown in Figure 8 is drawn. Figure 8 indicates that, with increasing
impact energy, the residual compressive strength of the sample decreases gradually, and
the residual bearing capacity of the sample decreases progressively.

Table 3. Residual compressive strength and damage form of CF/EP composites under different
impact energies at room temperature.

Residual Compressive

Specimen Number Impact Energy/] Strength/MPa Failure Mode
1 25 264.37 End failure
2 35 247.70 End failure
3 45 243.52 Valid LDM
4 65 222.16 Valid LDM
5 85 220.40 Valid LDM
6 105 191.14 Valid LDM
7 125 165.62 Valid LDM

I
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Residual compressive strength/MPa
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Figure 8. Residual compressive strength curves at different impact energies.
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Figure 9 illustrates the damage morphology of the CF/EP composites compressed after
35 ] energy impact. The specimen shows obvious end-crushing damage. The specimen
is subjected to compressive loading, and the compression surface shows delamination
and cracks of different lengths, and even narrow delamination pores. The front and back
surfaces showed flat cracks extending along the entire width direction, and the rest of the
plane showed unnoticeable visual compression damage. At the end of the specimen, along
the thickness of the long side, there is a compression damage of about 90°, and the fibers
show destructive fracture. Because the end of the specimen is subjected to a concentrated
compression load, the adhesive strength between the end fibers and resin decreases, and
debonding delamination damage easily occurs. With the further increase of the load, the
specimen end is subject to concentrated contact stress. The load is insufficient to transfer
through the specimen end to the impact of the small damaged area. The end of the damage
is further aggravated. The fiber cannot effectively carry the compression load, resulting in
the end of the fiber fracture, and the matrix cracks and delaminates. The specimen at the
end of the compression collapses.

(c)

Figure 9. CT atlas of compressive test specimen after 35 ] impact energy; (a) specimen face,

(b) specimen back, (c) specimen length direction end, (d) specimen width direction end.

Figures 10-12 display the damage picture of compression specimens of CF/EP com-
posites after 45], 105 J, and 125 ] energy impacts. Under the axial compression load, matrix
cracks first appeared in the center part of the impact surface, accompanied by a little
delamination and fiber pullout. On the front side, long cracks across the entire width were
common, with surface fiber debonding and delamination, and the surface matrix appeared
to be wrinkled and raised. Compression damage on the back of the specimen is more
prominent, such as long cracks, fiber breakage, debonding delamination, and other injuries,
with transverse and longitudinal fiber partially pulled out and fractured, and the specimen
is severely buckled, with even the formation of “arch bridge” delamination as well. There
are cracks along the transverse expansion, with the formation of long cracks across the
width of the specimen, and a basically symmetrical distribution along the center of the
specimen but, in the axial direction, only held a small distance, resulting in catastrophic
damage failure. From the thickness direction, clear and obvious intralaminar cracks and
delaminations appeared inside the specimen, and there was an inclined shear fracture of
about 45° spanning almost the entire thickness direction. Even a long strip of porosity and
compression collapse were also present. Deeper observation of the internal damage at the
location of the impact point of the specimen proves that the damage is even more severe.

12
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Observation from the long edge direction shows that the center of the long edge of the
specimen shows significant delamination, fiber breakage, and other destructive damage,
and the back of the specimen is raised. The findings from the wide edge direction reveal a
heightened incidence of debonding and delamination characterized by varying degrees
of delamination severity, forming delamination damage of various lengths and sizes, as
well as oblique cracks and flat cracks, and the oblique cracks will penetrate through the
multilayered fibers and resins to form shear-type damage. Because of under-compressive
loading, the stress formed at the end of the specimen is continuously transferred to the
vicinity of the impact defect. The stress is redistributed and concentrated, making cracks
and delamination in the middle of the damaged region expand significantly and form a
penetrating fracture, which is the specimen’s serious failure.

(b)

Figure 10. CT atlas of compressive test specimen after 45 ] impact energy; (a) specimen face,
(b) specimen back, (c,d) specimen length direction side, (e) specimen center of length direction,
(f) specimen center of width direction.
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Figure 11. CT atlas of compressive test specimen after 105 J impact energy; (a) specimen face,
(b) specimen back, (c,d) specimen length direction side, (e) specimen center of length direction,
(f) specimen center of width direction.

As shown in Figure 13, the overall CAI load-displacement curves at different energies
show a linear relationship. In the initial stage, with the onset loading of the load, the dis-
placement of the indenter into the end of the specimen increases slowly and has a nonlinear
relationship. With the further increase in the compression load, the load-displacement
curve appears to be obviously linear, and finally, the load is presented as falling off a cliff.
At this time, the specimen with an initial impact damage has reached the load-bearing
limit, and the specimen appears to have clearly visible fiber pullout, delamination, matrix
cracking, and other serious damage and has been destroyed. Through observation, it can
be seen that sudden brittle fracture occurs in the specimens when the impact energy is
below 45 J. The compression load reaches its limit and then suddenly decreases, which is
due to the smaller impact energy, lighter damage, and the need to withstand more load on
the fiber and matrix under the compression load [50,51]. Before the damage occurs at the
interface, the load-carrying capacity of the specimen has reached its limit and thus brittle
fracture occurs. When the specimen is above 45 J, because the specimen failed to appear
along the width direction of the complete fracture, the specimen has produced localized
damage, and the surface layer of fibers has been visually fractured or pulled out and cannot
effectively carry any more compressive load. So, the bearing capacity is reduced, and the
matrix has become the main bearer of the compressive load to strengthen the generation of
irreversible plastic deformation [52].
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Figure 12. CT atlas of compressive test specimen after 125 | impact energy; (a) specimen face,
(b) specimen back, (c,d) specimen length direction side, (e) specimen center of length direction,
(f) specimen center of width direction.
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Figure 13. Residual compressive load-displacement curves of CF/EP composites.
4. Conclusions

(1) After the CF/EP composites were impacted by low speed, the specimens would
have pits on the front side. The pits will be deeper with the increase of impact energy. In
addition, in terms of the back side of the matrix-cracking phenomenon, the greater the
energy is, the more significant the back damage will be;

(2) Impact damage has a great influence on the residual compressive strength of CF/EP
composites. The residual compressive strength decreases with the increase of impact
energy. The critical energy value is 45 ], and the end crushing occurs after compression
of the sample below 45 J. The delamination propagation (LDM) damage occurs from the
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middle to the lateral side of the sample after compression of the sample above 45 J, and the
residual compressive strength decreases sharply when the impact energy is over 45 J. The
residual compressive strength at the lowest energy of 25 | is 264.37 MPa, and the residual
compressive strength at the highest energy of 125 J is 165.62 MPa, which is 37% lower than
the residual compressive strength at 25 J;

(3) After the CAI test, the impact surface of CF/EP composites produced cracks along
the length and width directions, and the cracks gradually expanded transversely to the
edge of the sample from the end of the impact cracks as the impact energy increased.
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Abstract: In order to study the energy absorption characteristics of the open-section thin-walled
composite structures with different cross-sections, axial compression tests were carried out at loading
speeds of 0.01 m/s, 0.1 m/s, and 1 m/s. Finite element models were built to predict the crushing
response and energy absorption behaviors of these open-section structures. The effects of the cross-
section’s shape, cross-section aspect ratio, trigger mechanism, and loading speed on the energy
absorption characteristics of the composite structures were analyzed. The results show that the
average crushing loads of the hat-shaped and )-shaped open-section structures are 14.1% and 14.6%
higher than those of C-shaped open-section structures, and the specific energy absorption (SEA)
values are 14.3% and 14.8% higher than that of C-shaped open-section structures, respectively. For
the C-shaped open-section structures, a 45° chamfer trigger is more effective in reducing the initial
peak load, while a 15° steeple trigger is more appropriate for the hat-shaped open-section structures.
The average crushing loads and SEA of C-shaped, hat-shaped, and Q-shaped open-section structures
are reduced when the loading speed is increased from 0.01 m/s to 1 m/s. The increase in loading
speed leads to the splashing of debris and thus reduces the loading area and material utilization of
open-section structures, leading to a decrease in energy absorption efficiency.

Keywords: composite; failure mode; energy absorption; numerical simulation

1. Introduction

Composite materials have become the overwhelming choice for the structural com-
ponents of aircraft in recent years due to their excellent advantages in strength, weight
reduction, and energy absorption behaviors [1-3]. For example, the number of composite
materials used in Airbus A350 and Boeing 787 has exceeded 50% of their total structural
weights. However, aircraft structures are inevitably subjected to impact loads in the event of
a crash. In order to protect occupants from injury, the structural deformation and material
failure of aircraft components may be involved to absorb the impact’s kinetic energy [4,5].
It is a critical point that aerospace composite materials possess the same crashworthiness
as metal materials during an emergency landing. Thus, the energy absorption design of
aerospace composite structures has always remained a top priority to prevent catastrophic
structural failure and significant casualties.

Composite tubes have been increasingly used in aerospace applications. Existing
studies on crashworthiness have mainly focused on evaluating and improving the crushing
behavior and energy absorption capacity of various composite thin-walled structures, such
as circular carbon fiber-reinforced plastic (CFRP) tubes [6,7], squared CFRP tubes [8,9],
and double-hat-shaped CFRP tubes [10,11]. It was found that circular composite tubes
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exhibit the best specific energy absorption characteristics among all the various composite
tubes with different sectional profiles, but they have the same wall thickness [12]. A large
number of approaches have been proposed to enhance crashworthiness behaviors, such as
filling cellular materials in composite tubes. Lightweight foams are usually used as a core
material of composite tubes to improve buckling strength, stiffness, and impact resistance
while maintaining minimal mass [13,14]. However, the usage of cellular materials may
decrease weight efficiency, leading to undesirable specific energy absorption compared
with hollow composite tubes.

Composite materials also have disadvantages such as high cost and brittle fracture
behaviors. The hybrid material design strategy provides a good solution to meet the
requirements of lightweight property and energy absorption [15-17]. The SEA of the
metal-composite hybrid structure can be improved by 37% compared to pure aluminum
tubes. The external inversion mode of the metal-clad composite hybrid circular tube is the
main mechanism for energy absorption [18]. In addition, it is able to avoid the excessive
loads transferred to the entire structure and improve energy absorption behaviors by using
the trigger mechanism [19]. Traditional composite tubes usually exhibit Euler buckling,
shell buckling, and a brittle fracture mode. However, these composite tubes can collapse
with a progressive crushing mode after introducing a chamfer trigger mechanism [20,21].
The crashworthiness investigation of the double- and triple-coupling triggered composite
tubes reveals that the triple-coupled triggers improve the energy absorption capacity
while double-coupled triggers can weaken the triggered zones to decrease the initial peak
force [22]. In addition, multi-scale impact fracture mechanisms were investigated in hybrid
materials [23].

Open-section energy-absorbing structures are extensively used as the subfloor struc-
ture of modern airplanes. Thus, a number of studies have been conducted to investigate the
crushing behavior and energy absorption of open-section structures [24,25]. Bolukbasi and
Laananen [26] investigated the energy-absorbing characteristics of the composite flat plates,
angles, and channel sections under axial compression loading, and a semi-empirical analy-
sis methodology was developed to predict the energy absorption capability. Riccio et al. [27]
investigated the structural behavior of a channel section composite component subjected
to quasi-static compression and dynamic loads. The interfaces between plies oriented ac-
cording to the impact loading direction have been found more susceptible to inter-laminar
damage. Jackson et al. [28] studied the crushing response of the carbon fiber/epoxy crush
elements. The impact testing results indicate a 6-15% reduction in SEA compared to the
quasi-static crushing case. Waimer et al. [29] investigated the dynamic failure behavior
of the CFRP components assembled using a CFRP half-tube and an L-shaped strut. The
assembly of the half-tube and L-strut provides an Improved section modulus, which leads
to a progressive crushing mode.

The existing studies on open-section energy-absorbing structures have focused on
the crushing response with the impact velocity arranged from 1.8 m/s to 10 m/s, while
it still lacks the crushing data of the composite channel section structures with different
cross-sections when the impact velocity is arranged from 0.01 m/s to 1 m/s. In addition, the
crushing mechanism and energy absorption performance of different composite thin-walled
open-section structures have not been revealed. Accordingly, this paper aims to study the
energy absorption characteristics of different open-section thin-walled composite structures
using a high-speed hydraulic servo testing system. Then, a finite element model was built
to further study the crushing response and energy absorption performance of open-section
thin-walled composite structures. Finally, the influences of the cross-section’s shape, cross-
section aspect ratio, trigger mechanism, and impact velocity on the failure modes and
energy absorption characteristics of thin-walled composite structures were analyzed.
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2. Experimental Testing
2.1. Specimen Description

The testing specimens are fabricated via the hot-press molding process based on
CCF300/8552A high-temperature cured epoxy/carbon fiber prepregs (AVIC Composite
Co., Ltd., Beijing, China). The volume fraction of the carbon fibers is approximately
67% £ 2%, and the 0° tensile strength of a single-layer prepreg is 1500 Mpa. The material
density of the testing specimens is 1.6 g/cm3. The testing specimens are laid at angles
of [45°/0°/90°/—45°/45°/0°/90° / —45°]s, and the subscript “s” means the symmetric
lay-up method. The axial compression direction aligns with the 0° direction of the carbon
fibers, and the specimen’s thickness is 2 mm. To investigate the effect of the cross-sectional
configuration, cross-section aspect ratio, and triggering method on the energy absorption
characteristics of composite thin-walled structures, three cross-sectional configurations are
considered, including the C-type, hat-type, and Q)-type configurations, as shown in Figure 1.
These geometric configurations have three different section aspect ratios, namely 1.65, 1.06,
and 2.31, and the three types of cross-section aspect ratios are denoted as C1, C2, and
C3, respectively. In addition, two different triggering methods, including the 45° chamfer
trigger mechanisms and the 15° steeple trigger mechanisms, have been adopted to improve
crushing responses. Figure 2 exhibits the testing specimens of the open-section crushing
elements. All specimens have a height of 100 mm and the same cross-sectional area. In
order to guarantee that these specimens are fixed in the material’s testing machine stably, a
composite base along the horizontal plane is added at the bottom of the testing specimens.
The composite base consists of a metal shell and a resin material with dimensions of
80 mm x 60 mm x 20 mm. The testing specimens are partially inserted into the composite
base during crushing experiments.
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Figure 1. The cross-section dimensions of the testing specimens.
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Figure 2. The testing specimens of the open-section crushing elements.

2.2. Testing Setup and Procedure

The axial compression tests of composite open-section thin-walled structures were
conducted using an Instron VHS 160/100-20 high-speed hydraulic servo testing machine
(Instron Inc., Norwood, MA, USA), as shown in Figure 3a. This testing machine consists
of a hydraulic system, water cooling system, frame, and control system. The constant
dynamic loading process is realized by the loading energy provided by the combination of
a hydraulic actuator and a gas accumulator. The maximum loading speed of the testing
machine is 20 m/s, and the maximum impact dynamic load is 100 kN. The testing load and
displacement are, respectively, measured by the force sensors and displacement sensors
installed in the testing machine. The impact velocity was setat 0.01 m/s,0.1 m/s, and 1 m/s,
with a maximum compression stroke of 54 mm. The testing equipment and the specimen
clamping method are illustrated in Figure 3b. The testing specimen is fixed to the base of
the testing machine using two fixed blocks and bolted joints. The support can guarantee the
stability of the loading device and prevent the head of the testing machine from becoming
unstable during the loading process. Table 1 presents all experimental conditions of the
composite open-section thin-walled structures. During the loading process, a Photron SA-X
high-speed camera (Photron Inc., Tokyo, Japan), as shown in Figure 3c, was used to record
the deformation and failure behaviors of the composite open-section thin-walled structures.

Figure 3. Experimental setup for the dynamic crushing tests: (a) INSTRON VHS 160 high-speed
servo-hydraulic testing machine; (b) installation and schematic of the specimens; (c¢) Photron SA-X
high-speed camera.

2.3. Crashworthiness Evaluation Criterion

Several crashworthiness evaluation criteria are selected to evaluate and compare the
energy absorption performance of various structures [30]. Figure 4 shows a typical force-
displacement curve of energy-absorbing materials during a progressive crushing process.
The force-displacement curve can be classified into three typical stages: the initial crushing
stage (Stage I), the stable crushing stage (Stage II), and the densification stage (Stage III).
During Stage I, the crushing force shows an approximate linearity increase first and then
a certain degree of decrease after reaching the peak force. During Stage II, the crushing
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force maintains a relatively stable interval and fluctuates around the mean crushing load.
The following evaluation criteria are adopted to evaluate the energy absorption capacity of
open-section crushing elements.

Table 1. Experimental conditions of composite open-section thin-walled structures.

Impact Velocity

Configuration Triggering Mechanism (w/s) Mass (g)
C1 45° Chamfer trigger 1.00 14.680
Hat 45° Chamfer trigger 1.00 14.678

Q 45° Chamfer trigger 1.00 14.677
C2 45° Chamfer trigger 1.00 14.680
C3 45° Chamfer trigger 1.00 14.680
C1 15° steeple trigger 1.00 13.507
Hat 15° steeple trigger 1.00 14.029
C1 45° Chamfer trigger 0.01 14.680
C1 45° Chamfer trigger 0.10 14.680
Hat 45° Chamfer trigger 0.01 14.678
Hat 45° Chamfer trigger 0.10 14.678

Q 45° Chamfer trigger 0.01 14.677

@) 45° Chamfer trigger 0.10 14.677

Force

Energy absorption

Displacement

Figure 4. A typical load-displacement curve of an energy-absorbing material.

@

@)

Initial peak force F,: The maximum force during the crushing process, and F,
should be controlled within an allowable range to avoid transmitting excessive loads
to passengers.

Average crushing force F,z: The average crushing force during Stage II can be ex-
pressed as

chf = 1 @

where F is the instantaneous crushing force during the crushing process, and !/ is the
effective compression stroke when an energy-absorbing material is fully compacted.

®)

@)

Crushing force efficiency CFE: The crushing force efficiency is defined as the ratio of
the averaged load during the plateau stage to the initial peak force, which represents
the load uniformity of an energy-absorbing material. It can be given by

F
CLE = ?)
FP

Specific energy absorption SEA: It is the most significant evaluation criterion to
compare the energy absorption capacity of different energy-absorbing materials,
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which is defined as the energy absorbed per unit mass of a structure, and it can be
given by

SEA = % €)

where m is the mass of the energy-absorbing material. In this work, the displacement when
the head of the material testing machine contacts the open-section crushing elements is
taken as the starting point for energy absorption.

3. Numerical Modeling
3.1. Finite Element Modeling

Numerical simulations can provide more detailed insights into failure mechanisms and
deformation evolution, which are not accessible via physical testing methods. This section
focuses on developing a finite element model to simulate the axial crushing response of
composite open-section thin-walled structures. Figure 5 shows the finite element model of
composite open-section thin-walled structures under axial crushing loads. The composite
laminated material is simulated using continuous shell elements (SC8R) with a mesh size
of 1.5 mm. These composite specimens are composed of sixteen layers, and a two-layer
unidirectional strip is set for each layer. In addition, cohesive elements are established
to simulate delamination failure between the adjacent layers. A schematic diagram of
the lay-up configuration and the cohesive elements is shown in Figure 6. The interlayer
adhesive layer is modeled using cohesive elements (C3H8) with a thickness of 0.01 mm. The
indenter is regarded as the rigid body in the finite element model. The clamping portion at
the bottom of the test specimens is neglected in the numerical model. The nodes located at
the bottom of the test specimens remain fixed by restricting all degrees of freedom. In order
to facilitate loading and obtain the reaction forces, a reference point RP-1 is established and
coupled with the indenter. The indenter moves downwards at a prescribed velocity. In
addition, a general automatic contact algorithm is adopted to simulate the contact interface,
the possible friction interactions between the different parts and the self-contact of the
specimen are defined in the tangential contact behavior. The modeling of friction contact is
based on the general contact algorithm, and its friction coefficient is set to 0.5. The hard
contact relationship is adopted to define the normal contact behaviors of the model. The
traction-separation model is adopted to define the cohesive contact behavior between the
adjacent layers.

(a) The C-shaped open-section element.

Figure 5. Cont.
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(b) The hat-shaped open-section element.

(c) The Q-shaped open-section element.

Figure 5. Finite element models of the open-section crushing elements.
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Figure 6. Detailed modeling method for the open-section crushing elements.
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3.2. Material Damage Modeling

(1) Intralaminar properties

In this study, the 2D Hashin failure criterion is employed to determine the failure
initiation for open-section crushing elements. The Hashin criterion defines four types
of failure modes, including fiber tension, fiber compression, matrix tension, and matrix
compression. The expressions for these failure modes are as follows:

Fiber tension failure (c17 > 0):

2 2
011 012
Frf=|— — ] =1 4
s <XT) +a<512> @)
Fiber compression failure (o1 < 0):
2
o
Matrix tension failure (0o > 0):
2 2
022 12
Fut = | = —= ] =1
= (%) +(52) ©

Matrix compression failure (o, < 0):

o2\’ o2\

e (YC> +’)/(512) ' 7
Here, 0j; (i, j = 1, 2) denotes the stress components. Xr is the axial tension strength, Xc¢
is the axial compression strength, Y is the transverse tension strength, Y is the transverse
compression strength, and Sq, is the shear strength. «, B, and <y are scale coefficients.
When Fq (¢ = f, m, t, c) reaches 1, this indicates the onset of material damage in the
open-section crushing elements. Here, after the initiation of failure, the material stiffness
gradually degrades, and it enters the damage evolution stage, as shown in Figure 7. Point A
represents the failure initiation point that satisfies the Hashin criterion, followed by linear

stiffness degradation until the material failure occurs.

Oy
A
ae% -7 .
ko
L =d)k, C
0 : .
0
5eq ée’q 5eq

Figure 7. Constitutive model and damage evolution model.

Once the damage initiation criterion is satisfied, a damage evolution method is re-
quired to describe its subsequent development. A linear progressive damage evolution
is selected to represent the evolution process of intralaminar damage, and the damage
variable d; can be given by

t
o 53{1 (5641 - 5211)
=1
56'1 (5544 - 59q)

®)
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where J, represents the equivalent displacement corresponding to the failure mode, 5&
denotes the equivalent displacement at the initiation of the failure, while (52‘7 represents
the equivalent displacement when the material is fully damaged. 5251 and (5f,q can be

expressed as

5
Ooy = — €)
q \/a
2GC€
ol = —— 10
T 0/ a0

where ¢ is the variable related to the failure mode, GC is the fracture energy density, and
Ueq is the equivalent stress corresponding to the failure mode. In addition, the calculation
methods of the equivalent displacement and stress for every failure mode are shown
in Table 2.

Table 2. Equivalent displacement and stress for every failure mode.

Failure Mode Equivalent Stress Equivalent Displacement
Fiber L ({o11) (e11) +012812) 2 2
tension Ufteq = fteq Ofteq = Ley/ (en1)” + (e12)
Fiber Le(—ou){—en)
compression Ifceq Sreeq feeq e{=en)
Matrix L ({022) (€22) +012€12) 2 2
tension Tmteq = Omt,eq Omteq = Le (e22)” + (e12)
Matrix Le((—022)(—e2)+012e12) 2 2
compression Ume,eq = Omoeq Omeeq = Lo/ (—€22)” + (e12)

In Table 2, L, represents the element’s characteristic length; the symbol “< >" is the
Macaulay operator, and it can be expressed as

x, x>0
<x>_{ax§0 (1)

The elasticity constants and damage initiation coefficients of the composite materials
are exhibited in Table 3.

Table 3. Elasticity constants and damage initiation coefficients for the intra-laminar model [31].

Description Variable Value
Longitudinal Young modulus E, 171,420 MPa
Transversal Young modulus E, 9080 MPa
Principal Poisson’s ratio V12 0.32
Shear modulus Gio 5290 MPa
Longitudinal tensile strength Xr 1773 MPa
Longitudinal compressive strength Xc 1264 MPa
Transversal tensile strength Yr 62.3 MPa
Transversal compressive strength Yce 199.8 MPa
In-plane shear strength S12 92.3 MPa
Longitudinal tensile fracture energy G fct 120 N/mm
Longitudinal compressive fracture energy G fCC 100 N/mm
Transverse tension fracture energy Gt 2N/mm
Transverse compression fracture energy Gic 5N/mm

(2) Interlaminar properties

To simulate the delamination failure of the composite open-section thin-walled struc-
tures during the crushing process, the cohesive elements based on the traction—separation
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law are used between the layers that are prone to failure. The elastic constitutive relation-
ships are described as follows:

oy K, 0 O01]]/é,
ol =10 K 0]]6 12)
[y 0 0 Kt 51}

where 0 (k =n, s, t) and Ky (k = n, s, t) denote the traction stress and stiffness in the normal
direction and two shear directions, and Jj is the separation displacement. The quadratic
nominal stress criterion is adopted to determine the initiation of the delamination failure,

and it can be given by
@\, (=), (@)
< ot + ot + <) = 1 (13)

where 07, 0§, and o7 are the corresponding interface strengths of the interlaminar layer.

A power law fracture criterion is employed to predict the damage evolution of the
interlaminar properties. It indicates that the delamination failure under mixed-mode
conditions is governed by the power law interaction of the energies required to cause
failure in the individual modes:

G1>2 <GH)2 (G111)2
(GIC Giic Giiic (14)
where Gy, Gy, and Gy are the interface energies; and Gic, Gric, and Gryyc are the critical

fracture energy values required to cause failure in the different modes. In addition, the
material parameters of the cohesive element are given in Table 4.

Table 4. Material parameters of the cohesive elements [32].

Description Variable Value
The stiffness in the normal direction K, 1 x 10° N/mm?
The stiffness in the first shear direction Ks 5 x 10° N/mm?
The stiffness in the second shear direction K; 5 x 10° N/mm?3
The interface strength in the normal direction o 60 MPa
The interface strength in the first shear direction os 110 MPa
The interface strength in the second shear direction oy 110 MPa
Mode-I fracture toughness Gic 0.2 N/mm
Mode-II fracture toughness G, G 5N/mm

4. Results

To validate the crushing response of the testing specimens, the Cl-shaped and hat-
shaped specimens were selected to establish the finite element models at a loading velocity
of 1 m/s. The load—displacement curves obtained from the experimental and simulation
results are shown in Figure 8. The comparisons between the peak load and the average
crushing load of the testing specimens are presented in Table 5. It can be concluded that
the finite element models can effectively capture the crushing response of the open-section
crushing elements during the compression process. Furthermore, convergence analysis
is conducted with mesh sizes of 1 mm, 1.5 mm, 2mm, and 3 mm. The simulation results
shown in Figure 8c prove that 1.5 mm is an appropriate mesh size with acceptable accuracy
and computational costs. In addition, the oscillatory processes are noticeable for the force-
displacement curves of the specimens during the crushing process. The crushing force
decreases when composite thin-walled open-section structure fractures appear. Different
failure mechanisms, such as matrix cracking, fiber failure, and delamination, may be
involved during the impact process. In addition, local buckling may occur, which leads
to a folding sequence for composite thin-walled open-section structures; this folding
phenomenon can also result in the oscillatory process.
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Figure 8. Comparison of simulation and experimental results for the crushing process.

Table 5. Initial peak forces and mean crushing forces of different testing specimens.

Description Fp (Kn) Fyicr (Kn)
C1-Test 20.14 14.36
C1-Simulation 19.53 11.90
Error 3.01% 17.10%
Hat-Test 23.38 16.13
Hat-Simulation 22.57 14.65
Error 3.46% 9.18%

Figure 9 exhibits the failure modes of Cl-shaped and hat-shaped testing specimens
with a crushing displacement of 10 mm. It is evident that both Cl-shaped and hat-shaped
specimens primarily experience in-plane shear deformation and interlaminar delamination
during the compression failure process. For Cl-shaped open-section specimens, the stress
concentration at the corners leads to the formation of a relatively long axial matrix tensile
failure zone. However, no significant axial matrix tensile failure zone is observed at the
corners of the hat-shaped open-section specimens.
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(a) In-plane shear failure and matrix compression failure of the C-shaped element

(b) In-plane shear failure and matrix compression failure of the hat-shaped element

Figure 9. Simulation results of the failure modes of different open-section crushing elements.

5. Discussions
5.1. The Effect of the Cross-Section Configuration

To investigate the effect of the cross-section configuration on the energy absorption
characteristics of composite thin-walled structures, three geometric configurations, includ-
ing the Cl-shape, hat-shape, and ()-shape, were selected. The triggering mode for all the
configurations was a 45° chamfer triggering mechanism, and the loading speed was 1 m/s.
Figure 10 shows the typical load—displacement curves of the open-section elements with
three different cross-section configurations during the crushing process. It can be found that
all three specimens exhibit a progressive crushing failure mode. The Cl-shaped specimen
presents a more pronounced load decrease after reaching the peak force compared with
the hat-shaped and ()-shaped specimens. In addition, the crushing force of the Cl-shaped
specimen at the stable crushing stage is lower than that of the other two configurations.
The initial peak force, the average crushing force, and specific energy absorption of the
hat-shaped and ()-shaped specimens are almost the same with respect to the triggering
mode and loading speed. The average crushing forces of the hat-shaped and (2-shaped
specimens are 14.1% and 14.6% higher than that of the Cl-shaped specimen. The specific
energy absorption increases by 14.3% and 14.8% for the hat-shaped and ()-shaped speci-
mens compared with the Cl-shaped specimen, as shown in Figure 11. The relatively higher
initial peak load of the hat-shaped and (2-shaped open-section specimens can be attributed
to the combined influence of the cross-section configuration and triggering mode.
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Figure 10. Typical force-displacement curves of the testing specimens with different cross-section shapes.
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Figure 11. Comparison of the energy absorption characteristics of the testing specimens with different
cross-section shapes.

During the crushing process of the testing specimens, material deformation primarily
occurs through bending, delamination failure, and shear failure. The top of the testing
specimen experiences bending due to interlaminar cracking, causing the inner carbon fiber
fabric to bend inward and the outer carbon fiber fabric to bend outward. Simultaneously,
numerous short intralaminar cracks form during the crushing process, and shear failure
occurs at the root of these short intralaminar cracks, leading to the formation of numerous
fragments, as shown in Figure 12.

Figure 13 exhibits the failure modes of the testing specimens with different cross-
section configurations. The Cl-shaped testing specimen has the largest fragment size,
while the ()-shaped testing specimen has the smallest fragment size. For the Cl-shaped
and hat-shaped specimens, a portion of the outer carbon fiber fabric forms a longer axial
tearing region due to stress concentration at the corners. Furthermore, a portion of the
inner carbon fiber fabric bends inward, and some relatively intact carbon fiber fabric
remains after these specimens are fully crushed. The larger size of the remaining fragments
and the presence of large intact carbon fiber fabrics in the C1-shaped specimen indicate
insufficient damage during the crushing process, which is averse to energy absorption.
Consequently, the C1-shaped specimen exhibits a lower average crushing force and specific
energy absorption. However, no evident stress concentration zone occurs for the ()-shaped
open-section specimen during the crushing process, resulting in more complete material
failure. Accordingly, the ()-shaped specimen shows a higher average crushing force and
better specific energy absorption. In addition, the stress concentration is relieved in the
hat-shaped specimen due to the smoother corners; thus, these materials are fully damaged,
leading to a considerable average crushing load and specific energy absorption compared
to the ()-shaped specimen.
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Figure 12. Crushing process of the testing specimens with different cross-section configurations.
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Figure 13. Failure modes of the testing specimens with different cross-section configurations.

5.2. The Effect of the Cross-Section Aspect Ratio

To investigate the effect of the cross-section aspect ratio on the energy absorption
characteristics of thin-walled composite material structures, the crushing responses of the
C1, C2, and C3 specimens were analyzed. The triggering mode of all specimens was a 45°
chamfer trigger. Figure 14 shows the typical load—displacement curves for the C-shaped
open-section elements with three different cross-section aspect ratios. It can be observed
that the load—displacement curves for the three C-shaped open-section elements are quite
similar. Figure 15 shows a comparison of the energy absorption characteristics of the testing
specimens with different cross-section aspect ratios. The average crushing load of the C1
specimen is simply 6.4% higher than that of the C2 specimen and 5.1% higher than that of
the C3 specimen. In addition, the SEA of the C1 specimen is 6.4% and 5.0% higher than
that of the C2 and C3 specimens. The C1, C2, and C3 specimens almost have the same
failure mode in that axial tearing occurs at the corners of the carbon fiber fabric. The width
of the residual fragments is comparable to the specimen’s thickness, as shown in Figure 16.
However, the length of the residual fragments during the crushing process is related to the
specimen’s dimensions, resulting in slight differences in energy absorption characteristics
for the specimens with three aspect ratios.
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Figure 14. Typical force—displacement curves of the testing specimens with different cross-section
aspect ratios.
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Figure 15. Comparison of the energy absorption characteristics of the testing specimens with different
cross-section aspect ratios.
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5.3. Trigger Mechanism

To investigate the influence of trigger mechanisms on the energy absorption charac-
teristics of composite thin-walled open-section structures, the crushing responses of the
Cl-shaped and hat-shaped open-section specimens with the 45° chamfer trigger and the 15°
steeple trigger are analyzed. Figure 16 shows the typical load—displacement curves of the
Cl-shaped and hat-shaped specimens with different triggering modes under axial crushing
loading. Figure 17 presents a comparison of the energy absorption characteristics of the

33



Materials 2024, 17, 3197

testing specimens with different trigger methods. It can be observed that the time needed
to reach the peak force significantly increases for testing specimens with the 15° steeple
trigger at the initial stage of the crushing process. However, no evident differences can be
found for the load—displacement curves of the testing specimens with the two triggering
mechanisms during the stable crushing stage. For the Cl-shaped open-section specimens,
the 45° chamfer trigger is more effective in reducing the peak force during the crushing
process. For the testing specimens with the 15° steeple trigger, the load—displacement
curve exhibits a small plateau when crushing displacement reaches approximately 4 mm.
Subsequently, the crushing force continues to rise, and the slope of the load-displacement
curve also increases. This behavior is attributed to the excessive weakening of the testing
specimen above the corner by the 15° steeple trigger, while the weakening below the corner
is insufficient, resulting in the inadequate induction of the progressive failure.
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Figure 16. Typical force-displacement curves of the testing specimens with different trigger mechanisms.

For the hat-shaped open-section specimens, the initial peak force can be eliminated
by using the 15° steeple trigger, and the load efficiency can reach 89.50%, indicating that
the hat-shaped open-section specimen is well matched with the corresponding steeple
trigger. Figure 18 exhibits the failure modes of the testing specimens with the steeple trigger
method. It can be found that numerous material fragments occur during the crushing
process of the hat-shaped specimen with the 15° steeple trigger, which indicates that more
thorough material damage appears at the top of the testing specimen. In Section 5.1, the
initial peak forces of the hat-shaped and )-shaped open-section specimens are relatively
high. The main reason is that the optimal triggering mechanism may be different compared
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to composite thin-walled open-section structures with different cross-section configura-
tions. The 45° chamfer trigger does not sufficiently weaken the hat-shaped and ()-shaped
specimens, which is not the optimal triggering mode for this loading condition.
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Figure 17. Comparison of the energy absorption characteristics of the testing specimens with different
trigger mechanisms.
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Figure 18. Failure modes of the testing specimens with steeple triggers.

5.4. Impact Velocity

To study the effect of the loading rate on the energy absorption performance, the
crushing responses of C1-shaped, hat-shaped, and 2-shaped open-section specimens at the
impact velocities of 0.01 m/s, 0.1 m/s, and 1 m/s are investigated in this section. Figure 19
shows the typical load—displacement curves for the three types of testing specimens with
different impact velocities. Figure 20 presents a comparison of the energy absorption
characteristics of testing specimens with different impact velocities. The initial peak force,
average crushing force, and specific energy absorption of three types of the testing speci-
men decrease as the impact velocity increases. When the loading speed is increased from
0.01 m/s to 1 m/s, the average crushing force of Cl-shaped, hat-shaped, and ()-shaped
open-section specimens decreases by 6.1%, 10.9%, and 6.1%, respectively. However, the
specific energy absorption of these testing specimens decreases by 6.2%, 11.0%, and 6.2%,
respectively. Figure 21 shows the variation in the specific energy absorption of these testing
specimens with different impact velocities. It can be concluded that the hat-shaped speci-
men experiences a more pronounced decline in specific energy absorption with an increase
in impact velocity compared with the Cl-shaped and ()-shaped open-section specimens.

Figure 22 shows the failure modes of the testing specimens with a loading speed of
0.01 m/s, which were observed by comparing the failure behaviors of the testing specimens
at loading speeds of 0.01 m/s and 1 m/s. A few material fragments from the testing speci-
mens with a loading rate of 0.01 m/s appear during the crushing process, indicating that a
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thorough material failure occurs for this loading condition. The fracture morphology of the
testing specimens reveals that the end section of the crushed zone retains more material
fragments and exhibits more chaotic and twisted morphology, as shown in Figure 23. The
crushed zone experiences adequate friction and compaction with the indenter, which can
contribute to an increased structural load-bearing area. However, the testing specimens
with the loading rates of 1 m/s ejected a large number of material fragments during the
crushing process, reducing the load-bearing area and material utilization. Furthermore,
frictional energy absorption was observed between the indenter and the crushed zone, as
well as between the layers and fragments. Thus, the initial peak load, the average crushing
load, and the specific energy absorption of the specimens also decrease with an increase in
impact velocity.
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Figure 19. Typical force-displacement curves of the testing specimens with different loading rates.
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Figure 23. Failure modes of the testing specimens with a loading speed of 0.01 m/s.

6. Conclusions

This work mainly studies the crushing response and energy absorption characteristics
of composite open-section thin-walled structures with different geometric configurations
and loading conditions. The main conclusions obtained are as follows:

(1) For the composite thin-walled open-section structures with different geometric con-
figurations, a brittle failure mode can be observed under different loading rates. The
impact kinetic energy is mainly absorbed via material bending, delamination failure,
shear failure, and friction between the crushing zone during the crushing.

(2) The cross-section configuration significantly influences the energy absorption char-
acteristics of composite thin-walled open-section structures. The insufficient mate-
rial damage caused by stress concentration is the main reason for the low energy
absorption efficiency of Cl-shaped specimens compared to the hat-shaped and Q-
shaped specimens.

(3) Different triggering mechanisms primarily affect the initial crushing stage of the
composite structures, while it has little influence on the stable crushing stage. For
C-shaped specimens, a 45° chamfer trigger yields better energy absorption. However,
the 15° steeple trigger is the optimal triggering mode for the hat-shaped structures.

(4) The average crushing force and specific energy absorption of composite thin-walled
structures decrease with an increasing in loading rates. More material fragments can
be ejected under higher loading rates, which reduces the structural load-bearing area,
material utilization, and frictional energy absorption in the crushing zone.
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Abstract: Different PMI foam materials of 52, 110, and 200 kg/ m3 were used to design stepwise
gradient cores to improve the impact resistance of the sandwich beam. The stepwise gradient
core consists of three layers arranged in positive gradient, negative gradient, and sandwich-core
(e.g.,200/52/200). These sandwich beams were subjected to the impact of a steel projectile under
impact momentum of 10 to 20 kg-m/s, corresponding to impact energy in the range of 12.5 to 50 J.
During the test, the impact force was recorded by an accelerometer, and the different failure modes
were also obtained. Subsequently, the influence of the layer arrangement on the energy absorption
and load transfer mechanism between the different layers was analyzed. The results showed that the
top layer with a large density can improve the impact force, but the middle/bottom layer with a low
density promoted specific energy absorption. Thus, based on these two points, the negative gradient
core (200/110/52) had an excellent specific energy absorption because it can transfer and expand the
area to bear the load layer by layer, which improved the energy absorption in each layer. Combined
with the failure modes, the load transfer and deformation mechanisms between the layers were also
discussed. The present work provided a valuable method to design an efficient lightweight sandwich
structure in the protection field.

Keywords: stepwise gradient; sandwich structure; low-velocity impact; failure mode; energy absorption

1. Introduction

The sandwich structure consists of two face sheets and a core, which has been widely
used in the fields of aerospace, automotive, marine vehicle, and other industry applications
due to their attractive properties, such as high specific strength, high specific stiffness, and
excellent energy absorption [1-6].

Over the past decades, a great deal of work has been conducted on the quasi-static
and dynamic behavior of the different sandwich structures (e.g., beams [7], plates [8],
shells [9], and tubes [10]), and the corresponding failure modes and mechanisms were
extensively studied, such as indentation [11], core shear failure [12], tension failure [13],
and debonding [14]. It is well known that the core is a key component of the sandwich
structure, which not only suffers from the shear load but also dissipates energy through
deformation or collapse failure. Different lightweight materials and structures have been
used to design the core, such as aluminum foam [15], polymeric foam [16], honeycomb
core [17], lattice core [18], corrugated core [19], etc. To some degree, most of these research
studies focused on the core with uniform or monolithic materials or structures. Thus, the
development of an efficient core is still a challenge in the field of sandwich structures.

Recently, the primary concept of density-graded foams was developed to improve
the load-bearing capacity and energy absorption of the sandwich structures, which con-
sisted of several layers with different densities. Lots of work has been conducted on
the compressive mechanical properties of density-graded foam under quasi-static and
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dynamic loading [20-24], such as deformation and failure mechanisms [20], stress wave
propagation [21], stress—strain response [22], constitutive model relationship [23], and
energy absorption characteristics [24]. These works revealed a noticeable difference in
the deformation mechanism between quasi-static and dynamic loading due to the iner-
tia efficiency of the impact loading. Moreover, the arrangement of the density-graded
foam layers significantly influenced deformation and energy absorption [20,21,24-35].
Koohbor et al. [20] demonstrated that gradient greatly influences the propagation of stress
waves in foams with density gradients. Furthermore, the overall ability of the structure to
absorb energy corresponds to the stability of the shock waves through the gradient foam.
Kazemi et al. [25,26] studied the sandwich beam/panel with stepwise density-graded cores
under quasi-static three-point bending and punch loading. The results showed that the
arrangement of the density layer and the number of layering have the most significant in-
fluences on the bending resistance, contact peak force, and energy absorption. Nie et al. [27]
reported the effects of the density-graded changes of foam core sandwich panel subjected to
high-velocity impact, and they concluded that the sandwich panel with a stepwise negative
gradient core outperforms to resist the perforation and energy dissipation compared to
a positive gradient and uniform-density core sandwich panel. In addition, the failure
modes and deformation mechanisms of stepwise density gradient sandwich structures
under different load cases were also investigated, such as flexural bending [28,29], blast
loading [30,31], low-velocity impact [32,33], and high-velocity impact [34,35].

However, the choice of materials with high specific strength, stiffness, and excellent
energy absorption is another significant way to improve the mechanical performance of the
sandwich structure. Polymethacrylimide (PMI) material is lightweight and has high energy
absorption, which has attracted extensive attention in recent years. The sandwich structure
with PMI core has been applied in transportation, aerospace, and military protection
equipment [36-39]. The mechanical properties of the sandwich structure with PMI core
were also focused under different load cases, such as indentation load [36], three-point
bending load [37], damage and fatigue [38], and energy absorption [39]. Most of these
works focused on increasing the strength and stiffness of sandwich structures by increasing
the density and thickness of the PMI core [40,41] and filling the honeycomb core with PMI
foam materials [42].

Most of the previous work focused on sandwich structures with a single-layer PMI
foam core, and the work on the sandwich beams with stepwise density-graded PMI foam
core is seldom performed. Therefore, in the present paper, the PMI foam materials with
different densities of 52, 110, and 200 kg/m3 were used to design the stepwise gradient
core of the sandwich beam. The dynamic mechanical properties of the sandwich beam
were studied under the impact of a steel projectile. The impact force was recorded using
an accelerometer during the test, and different failure modes were obtained. Based on the
experimental results, the effects of the arrangement of the layers on the energy absorption
and specific energy absorption were analyzed. The corresponding deformation and failure
mechanisms were also discussed.

2. Experimental Procedures
2.1. Materials and Specimens

PMI foam materials (purchased from Suzhou Zhongbao Composite Material Co., Ltd.,
Suzhou, China) [43] with different densities of 52, 110, and 200 kg/ m?3 were used to design
a stepwise gradient core for the sandwich beam. Aluminum alloy AL-1050 (purchased
from Lutai Co., Ltd., Suzhou, China) [44] was used to design the face sheet of the sandwich
beam. The dimensions of the sandwich beam were 260 mm in length and 40 mm in width.
The thickness of the face sheet was 0.5 mm. The core consisted of three layers of PMI foams
with different densities of 52, 110, and 200 kg/ m3, and each layer was 5 mm thick. The face
sheets and PMI foam layers were glued together in different arrangements using epoxy
resin (produced by 3M Scotch-Weld Co., Ltd., St. Paul, MN, USA), and the fabrication
steps of the specimen are shown in Figure 1a. Five types of stepwise gradient cores were
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designed as follows: (1) sandwich-core 52/X/52, which means the top and bottom layers
of the sandwich-core are 52 kg/m? in density, and the middle layer varied from 52 kg/m?
to 200 kg/m3 and is denoted as X; (2) sandwich-core: 110/X/110; (3) sandwich-core:
200/X/200; (4) positive gradient core: 52/110/200; (5) negative gradient core: 200/110/50.
More details are listed in Table 1.

support rollers

Figure 1. Specimen and the three-point bending test. (a) The fabrication steps of the sandwich beam
with stepwise gradient core (step 1 is the cutting of the face sheets and foam core from the large plates
with specific dimensions of the sandwich beam while steps 2-5 are the gluing the lower face sheet
with the bottom layer foam core and consequentially gluing other layers core and upper face sheet);
(b) the three-point bending test; (c) enlarged view of the specimen and support rollers.

Table 1. Details of the sandwich beam specimens.

No. S%e::ll:en Thlcknes?n(ﬁn]iach Layer Density (:f(’g/lrensC)ore Layer Average Density of the Core (kg/m?)
1 A 0.5/5/5/5/0.5 52/52/52 52
2 B 0.5/5/5/5/0.5 52/110/52 71
3 C 0.5/5/5/5/0.5 52/200/52 101
4 D 0.5/5/5/5/0.5 110/52/110 91
5 E 0.5/5/5/5/0.5 110/110/110 110
6 F 0.5/5/5/5/0.5 110/200/110 140
7 G 0.5/5/5/5/0.5 200/52/200 151
8 H 0.5/5/5/5/0.5 200/110/200 170
9 I 0.5/5/5/5/0.5 200/200/200 200
10 P 0.5/5/5/5/0.5 52/110/200 121
11 N 0.5/5/5/5/0.5 200/110/52 121

2.2. Experimental Apparatus

The quasi-static three-point bending tests were performed by a universal material
testing machine SUNS WAWO000 (product of Shenzhen SUNS Technology Stock Co. Ltd.,
Shenzhen, China) according to the ASTM C-393 test standard [45], as shown in Figure 1b,c.
Two rollers supported the specimen, and two ends of the specimen could not move in the
vertical direction. The compression load was applied on the mid-span of the specimen by a
steel compression head. During the tests, the friction force between the bottom face sheet
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of the sandwich beam and the two support rollers is little, which can be neglected [45].
The effective length was 200 mm between the two support rollers [46]. The load rate
was 2 mm/min, and a computer was connected to the machine to record the load and
displacement data.

For the impact tests, a steel projectile was launched by a gas gun and impacted the
clamped sandwich beam at the mid-span position, as shown in Figure 2. The mass of the
steel striker bar was 8 kg, and the dimensions were 40 mm in diameter and 800 mm in
length. Two ends of the sandwich beam were fixed in a frame, and the effective span was
200 mm. The projectile’s velocity was controlled by gas pressure and measured using a
laser velocimeter. Moreover, a 352C04 PCB accelerometer (produced by PCB Company,
Depew, NY, USA), with a sensitivity of 2.51 mV /g, was fixed on the projectile to measure
the impact force, as shown in Figure 2b. The sampling rate was 5 MHz during the tests,
and the accelerometer signal was amplified by a PCB 482C05 signal conditioner (produced
by PCB Company, Depew, NY, USA) and saved in the Tektronix MDO3034 oscilloscope
(produced by Tektronix, Beaverton, OR, USA).

()

automatic two way valve|

“\‘ signal conditioner
gas cartridge| |

i N \
gauge pressure ‘oscilloscope

accelerometer|
|

projcctilc\ \“ /Laser velocimeter gnal conditioner .
\ | specimen acceleroln&rs‘ensor \
|
\
El/lxed frame ‘v

Jl T T T

Figure 2. The impact apparatus for the dynamic experiments: (a) schematic graph; (b) experimental
apparatus.

3. Results and Discussions
3.1. Quasi-Static Load Case
3.1.1. Compressive Force-Displacement Curves

Figure 3 illustrates the sandwich beams’ force-displacement curves and failure modes
with different cores in the three-point bending tests. It can be found that the arrangement of
the layers in the core has a significant influence on the peak force. The peak force increased
from 450 N to 1288 N for the different sandwich beams. Moreover, there is a sudden change
in the curve of a sandwich beam of 52/110/52 and 52/200/52 in Figure 3a, and the rest of
the sandwich beams had a similar tendency in the force-displacement curves.

For sandwich-core of 52/X/52, the top layer with low strength easily fails in inden-
tation failure mode, and if the middle layer is also 52 kg/m3 in density, all the layers
would fail in the same mode; if the middle layer is with a density of 110 or 200 kg/m?, the
strength of the middle layer increased, which would improve the load bearing capacity and
prevent the drop of the curves. This is also another reason for the sudden curve changes in
Figure 3a.

For sandwich-cores of 110/X/110 and 200/X/200, the curves ascended as the density
of the middle layer increased, as shown in Figure 3b. The bearing load is because the top
and bottom layers have a larger strength and can suffer the external load, which determines
and transfers the load to the following middle layer. Though the stiffness and strength
increased, the deformation decreased, which is much less than those of 52/X/52.

For the positive gradient core, the arrangement of the layers is 52, 110, and 200 kg/m?>
in the sequence. The top layer of 52 kg/m? in density has a low strength, which would
undergo a similar deformation process and failure mechanism of 52/X/52; the top layer
would fail at the load exertion point, then the load keeps the concentration state, which
cannot be expanded effectively. However, for the negative gradient core, on the contrary,
the arrangement of the layers is 200, 110, and 52 kg/m? in the sequence for the negative
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stepwise gradient core; the top layer of 200 kg/m? has enough strength to suffer the external
load and distribute the concentrated load, then the distributed load was transferred to the
next layer. The area of load exertion on the following layers would expand layer by layer.
Thus, the middle and bottom layers can sustain the load and absorb the energy efficiently.
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Figure 3. Force—displacement curves and failure modes of the sandwich beams with different cores
under the three-point bending tests: (a,e) for 52/X/52; (b,f) for 110/X/110; (c,g) for 200/X/200;
(d,h) for 52/110/200 and 200/110/52, respectively.

3.1.2. Energy Absorption of the Sandwich Beam under Three-Point Bending Tests

The energy absorption (EA) of the sandwich beam was calculated by using the force-
displacement curve, and the specific energy absorption (SEA) was obtained by dividing
the energy absorption by the average density of the core. The corresponding equations are
as follows [40]:

EA = / Fds (1)
SEA = fifi‘s @)

where F and ¢ are the corresponding force and displacement, EA represents energy ab-
sorption, SEA is the specific energy absorption, and p denotes the average density of
the core.

Figure 4 illustrates the energy absorption (EA) and specific energy absorption (SEA)
of the sandwich beams with different cores. During the calculation of the EA and SEA,
the influence of the face sheet on the EA and SEA was neglected. Because the thickness
of the face sheet is just 0.5 mm, the stiffness and the corresponding load-bearing capacity
are small. For the sandwich-core of 52/X/52, both EA and SEA of the sandwich beam
increased with the increasing density in the middle layer. The increasing density in the
middle layer can improve the stiffness of the sandwich beam, which can bear a larger load
and absorb more energy. However, for the sandwich-cores of 110/X/110 and 200/X/200,
both EA and SEA decreased with the increasing density in the middle layer. Though the
top layers of 110/X/110 and 200/X/200 can suffer from large external loads, only a slight
deformation occurs.

Furthermore, the larger the density of the middle layer, the lower the EA and SEA
of the sandwich beam. So, the SEA of 110/X/110 and 200/X/200 are less than those of
52/X/52. Moreover, the arrangement of layers in the core varied from a positive to negative
gradient; both EA and SEA increased due to the larger strength of the top layer, which can
suffer a larger load. Furthermore, the following layers with low strength can absorb the
energy transferred from the top layer. Thus, as shown in Figure 4, the negative gradient
core of 200/110/52 has the largest SEA.
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Figure 4. (a) Energy absorption and (b) specific energy absorption of the sandwich beam with
different cores.

3.2. Dynamic Load Cases

The sandwich beams with different cores were subjected to the impact of the projectile,
and the impact momentum is in the range of 10 to 20 kg-m/s, corresponding to the impact
energy in the range of 12.5 to 50 J. And projectile impacted the top layer side of the
sandwich-core, which was marked as the impact side. During the tests, the impact force
was recorded by an accelerometer, and the corresponding failure modes were also obtained,
which were used to analyze the load transfer mechanism between the core layers.

3.2.1. The Impact Force-Time Curves of the Sandwich-Core 52/X/52

Figure 5 illustrates that the force curves and failure modes of the sandwich-core
52/X/52 under impact loading differed from the quasi-static load case. The peak force
increased with the increasing impact momentum/energy and middle-layer density. In
particular, when the density of the middle layer increased from 52 kg/m? to 200 kg/m?3,
the maximum peak forces were 1190 and 2250 N, respectively. It is well known that the
maximum shear stress is located at the center of the beam. The increased density in the
middle layer can improve the load-sustaining capacity efficiently. Moreover, the density of
the top and bottom layers is only 52 kg/m?, which is easy to fail due to its low strength. So,
the corresponding failure mode is mainly in shear and debonding modes, which is a nearly
disintegrated failure mode.
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Figure 5. The impact force-time curves and corresponding failure modes of the sandwich beam with
different cores: (a,d) for A-52/52/52; (b,e) for B-52/110/52; (c,f) for C-52/200/52.

3.2.2. The Impact Force-Time Curves of Sandwich-Core 110/X/110

The variations of the impact force with time of the sandwich beams with sandwich-
core 110/X/110 are shown in Figure 6. The impact force increased with the density in the
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middle layer, which is larger than the results in Figure 5. As the density of the middle layer
increased from 52 kg/m? to 200 kg/m?, the maximum peak forces were 1570 and 3250 N,
respectively. However, the failure modes are pretty different from those in Figure 5; most
of the failure modes are in shear failure, and there is nearly no debonding or disintegrated
failure. The reason can be explained as follows: the top layer with 110 kg/m? has larger
strength and stiffness than that of 52 kg/m?, which can sustain a large load and deform in
bending deformation, expanding the load exertion area on the next layer. A more effective
area of the next layer can be involved in load bearing. So, the impact load of 110/X/110 is
larger than that of 52/X/52, and the degree of failure is less than that of 52/X/52.
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Figure 6. The impact force-time curves and corresponding failure modes of the sandwich beam with
different cores: (a,d) for D-110/52/110; (b,e) for E-110/110/110; (c,f) for F-110/200/110.

tensile core failure

3.2.3. The Impact Force-Time Curves of Sandwich-Core 200/X/200

Figure 7 illustrates the impact force curves and failure modes of the sandwich beams with
a sandwich-core of 200/X/200. The variation tendency in the impact force of 200/X/200
in Figure 7 was similar to those in Figures 6 and 7. As the density of the middle layer
increased from 52 kg/m?3 to 200 kg/m3, the maximum peak forces were 1750 N and 4550 N,
respectively. Moreover, it can be observed that the sandwich-core 200/52/200 was in shear
failure; however, both 200/110/200 and 200,/200/200 failed in tensile failure. The top layer
of the 200/X/200 has enough stiffness and strength to suffer the impact of loading and
then transfer the load to the middle layer. If the middle layer is 52 kg/m3 in density, it
would fail in shear failure mode and absorb the energy, which results in a large reduction
of the load transferring to the bottom layer, as shown in Figure 7d. However, the middle
layer, which is 110 or 200 kg/m3 in density, also has enough stiffness and strength, which
makes all the layers deform in bending and tensile failure, as shown in Figure 7e,f.
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Figure 7. The impact force-time curves and failure modes of the sandwich beam with different cores:
(a,d) G-200/52/200; (b,e) H-200/110/200; (c,f) I-200/200/200.

3.2.4. The Impact Force-Time Curves of the Positive and Negative Gradient Cores
52/110/200 and 200/110/52

The variations of the impact force and failure modes of the sandwich beams with
positive and negative gradient cores are shown in Figure 8. For the positive gradient
core, the projectile impacted on the top layer core of 52 kg/m?, and the bottom layer is
200 kg/m? in density. However, the projectile impacted the top layer core of 200 kg/m?
for the negative gradient core, and the bottom layer is 52 kg/m? in density. Both positive
and negative gradient cores have a similar variation tendency in the impact force, which
increases with the impact momentum/energy. And the impact forces for both cases are at
the same level. However, the corresponding duration time of the negative gradient core is
larger than that of the positive gradient core at the different impact momentum/energy.
It can be observed that the duration time is 0.012 s, 0.014 s, and 0.0145 s for the case of
negative gradient core, which is more than 0.009 s, 0.0013 s, and 0.004 s for the positive
gradient case, respectively.
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Figure 8. The impact force-time curves and failure modes of the sandwich beams with different
cores: (a,c) positive gradient core (52/110/200); (b,d) negative gradient core (200/110/52).

Moreover, there is a noticeable difference in the failure modes shown in Figure 8. The
failure modes of the positive gradient cores varied from core shear failure to tensile failure;
however, all negative gradient cores failed in core shear failure mode. It can be explained
as follows: for the negative gradient case, the top layer is 200 kg/m? in density, which can
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sustain the impact load and then transfer the load to the next layer, but the middle and
bottom layers with densities of 110 and 52 kg/m?> have low strength, which would fail and
collapse under the load transferred from the top layer, and the load and the energy were
also dissipated. Thus, the failure mode is a core shear failure. For the positive gradient
core, though the top layer of 52 kg/m? failed, the load and energy experienced little loss
due to the inertial effect. The concentrated impact load did not spread transversally. Most
energy of the impact load still acts on the next layer as a concentrated impact loading,
which results in a tensile failure in the bottom layer and face sheet, as shown in Figure 8.

3.3. Energy Absorption of the Sandwich Beam with Different Cores under Impact Loading

During calculation of the energy absorption of the sandwich beam with different cores
under impact loading, the corresponding force and displacement of the projectile were
derived based on the data of the accelerometer, which can also be found in Ref. [47]. The
variation in the velocity of the projectile AV (t) can be calculated as follows:

av(t) = [ao(t)a(t ©
0

Subsequently, the instant velocity of the projectile can be obtained:

Vit = Vo~ [aot)d(t) @)

fe=]

Hence, the displacement of the projectile during the impact process can be calculated
as follows:

uw = [vnde) ©)
0

Moreover, the corresponding impact force is as follows:
F(t) = ma(t) (6)

where a(t), m, and U(t) are the de-acceleration, mass, and displacement of the projectile,
respectively; AV (t) and V() are the changes in velocity and the initial velocity of the
projectile, respectively; F(t) is the impact force. Then, the corresponding energy absorption
can be obtained based on the impact force and displacement using Equations (1)—(3).

Based on Equations (1)—(6), the energy absorption (EA) and specific energy absorption
(SEA) of the sandwich beams with different cores under impact loading were calculated
and shown in Figure 9. Generally, for the sandwich-core, EA increased with the increasing
density of the top layer. However, the SEA of 200/X/200 was less than that of 52/X/52 and
110/X/110, which is due to the slight deformation that occurred in the sandwich beam with
core 200/X /200, and the sandwich beams with cores 52/X/52 and 110/X/110 absorbed
more energy through the deformation and failure of the core.

Furthermore, compared to the sandwich-core, the negative gradient core (200/110/52)
has an excellent capacity for both EA and SEA. The top layer of 200 kg/m?> can sus-
tain the impact load and transform the concentrated impact load into a distributed load
through bending deformation. Then, the following layers absorbed the energy with
110 and 52 kg/m>.
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Figure 9. (a) Energy absorption and (b) specific energy absorption of the sandwich beam with
different cores under impact loading.

3.4. Deformation and Failure Mechanism
3.4.1. Deformation and Failure Mechanism of Quasi-Static Load Case

Most of the failure modes of the sandwich beams are indentation, core shear, and face
yield, which can be mapped by the Gibson model [46]. The failure mode map is divided
into three regions, each one corresponding to a predominant failure mode, e.g., face yield,
indentation, and core shear. And the lines between these failure modes are expressed as
follows [48]:

C 1 (Tyc t
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where L is the effective span length, b is the width of the sandwich beam, and H is the free
end distance outer roller supports. The thickness of the face sheet and each layer foam core
are denoted as t and ¢, respectively, as shown in Figure 10.
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Figure 10. A schematic graph of the sandwich beam with stepwise gradient core under
three-point bending.

Moreover, the predicted failure load for different modes can be calculated as follows [44]:
The failure load of face yield failure mode is:

8osbt(c+t) N bt N 4ocbe(t + c)

Fry = T I I (10)
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The failure load of indentation failure mode is:

F;,, = 2bt, /0 f0c (11)

The failure load of core shear failure mode is:
7bt? 2H
FCS - Z(ff + 4TCbC <1 + L) (12)

In the present paper, the material parameters of the PMI foam are as follows: the yield
strength 0y and elastic modulus E of the face sheet are 134 MPa and 68.9 GPa, respectively.
And o, and E are the yield strength and elastic modulus of PMI. For the PMI foam with
densities of 52, 110, and 200 kg/m?, the yield strength values o, are 1 MPa, 3.5 MPa, and
7.5 MPa, and elastic modulus values E; are 74 MPa, 200 MPa, and 443 MPa, respectively.
The shear strength 7. ~ %ayc.

Figure 11 shows the predicted failure mode maps of the sandwich beams with different
cores under the three-point bending loading, and the three-point bending experimental
results also agreed well with the predicted failure mode map, which demonstrated the
reliability of the failure mode map. As shown in Figure 11a—c, when the density of the
middle layer of the sandwich-core increased from 52 kg/m? to 200 kg/m?3, the region of
the face yield mode expanded, whereas the region of the indentation and core shear modes
shrunk. The reason can be explained by the fact that the middle layer with a large density
can improve the stiffness of the sandwich beam and resist the external load. Moreover, as
the density of the top layer increased, similar changes in the regions of the failure modes
also occurred. Because the top layer with a large density has enough strength and can
suffer the load, the sandwich beam would not be in indentation failure. A similar tendency
can also be observed in Figure 11d.
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Figure 11. Failure mode map of sandwich beam with different cores: (a) 52/X/52; (b) 110/X/110;
(c) 200/X/200; (d) 52/110/200 and 200/110/52.
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3.4.2. Deformation and Failure Mechanisms under Impact Loading

Combined with the impact force curves and failure modes, the deformation and fail-
ure mechanisms of the sandwich beam with different cores were analyzed. Generally,
the failure modes are sensitive to the layer density (strength), arrangement, and impact
momentum/energy, significantly influencing the load-transferring mechanism between
the core layers. According to the core type, it can be divided into three cases, includ-
ing sandwich-core, positive gradient core, and negative gradient core. The details are
as follows:

Case 1: sandwich-core of 52/X/52, 110/X/110, and 200/X/200

For the sandwich-cores of 52/X/52 and 110/X/110, the strength of the top layer was
low, and the top layer failed in shear failure mode under the projectile’s impact. Then,
the impact loading would continue to act on the middle layer, but the load exertion area
has little change. If the middle layer was still in low density (52 or 110 kg/m?), it would
also fail in core shear failure and transfer the impact load to the bottom layer, as shown
in Figure 12a; if the middle layer was in large density (200 kg/m3), it would have enough
strength to sustain the load and deform in bending, which can spread the concentrated
impact loading into a large area on the bottom layers. Due to the low density of the bottom
layer, it would also fail in shear failure mode, as observed in Figure 12b. Still, more energy
can be absorbed by its deformation and failure because a more effective part of the bottom
layer was involved in energy absorption.
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Figure 12. The sandwich beam failure modes and deformation mechanisms with a sandwich-
core under different impact momentum: (a) specimen of (52/52/52); (b) specimen of (52/200/52);
(c) specimen of (200/52/200); and (d) specimen of (200/200/200).

For the sandwich-core of 200/X/200, the top layer can sustain the impact loading and
deform in bending, and then the concentrated impact load was distributed and transferred
to the middle layer. If the middle layer has a low density, the energy would be absorbed by
the collapse deformation and failure of the middle layer, and the load would be further
distributed and weakened. When the distributed and weakened load is transferred to the
bottom layer, it will deform in bending or tensile failure, as shown in Figure 12c¢. If the
middle layer has a large density, it can sustain the load and deform in bending, further
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distributing the concentrated load. Still, there is little reduction in energy and load. So, the
load applied on the core layers would result in a tensile failure, as shown in Figure 12d.

Case 2: positive gradient core (52/110/200)

For the positive gradient core of 52/110/200, the top layer of 52 kg/m? failed in shear
failure under the impact of the projectile, and the concentrated impact load was distributed
and weakened. Then, the load was sustained by the middle layer of 110 kg/m?3; it would
deform in bending and transfer to the bottom layer of 200 kg/m?>. Thus, both the middle
and bottom layers deformed in bending. When the impact momentum/energy is low, the
core will fail in shear failure, as shown in Figure 13a. The sandwich beam will fail in tensile
failure mode if the momentum is large enough, as observed in Figure 13b.
| o) —

impact loa

(@)

impact load v |4
0 distributed load 0

core shear

[

e
tensile failure

(52/110/200)

Figure 13. The sandwich beam failure modes and deformation mechanisms with positive stepwise
gradient core: (a) specimen of (52/110/200); and (b) specimen of (200/110/52).

Case 3: negative gradient core (200/110/52)

For the negative gradient core of 200/110/52, the top layer has enough strength to
sustain the load and deform in bending under the impact load, as shown in Figure 14.
Then, the concentrated impact load was also distributed, but the magnitude of the load
was a little weakened due to the lower energy absorption. When the distributed load is
transferred to the middle layer of 110 kg/m?, the middle layer will fail in shear failure
mode. The reason is that the strength of 110 kg/m? is much lower than that of 200 kg/m?;
the middle layer cannot sustain the load in a bending way. After the energy absorption and
load spread by the middle layer, the load acted on the 52 kg/m?> bottom layer in a large
area with a decreased magnitude. Though the 52 kg/m? bottom layer still failed in core
shear, most of the energy was absorbed by the middle and bottom layers. The load action
area increases layer by layer, and more effective areas of the layers can sustain the load
and absorb the energy. The above deformation process and mechanism agreed with the
maximum SEA of the sandwich beam with a negative core (200/110/52) in Figure 9.

ey
impact load,

distributed load lV bending deformation

core shear. l

Figure 14. The deformation mechanism of the sandwich beams with a negative gradient core under
different impact momentum.
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4. Conclusions

The PMI foams with 52, 110, and 200 kg/m? densities were used to design the stepwise
gradient cores for the sandwich beams. The dynamic response and failure mechanisms of
the different sandwich beams were investigated under three-point bending and impact
loading. Combining with the experimental results, the load transferring and failure mecha-
nisms of the sandwich beams were analyzed. The results showed that the arrangement of
the layers in the core has a significant influence on the load-bearing capacity and failure
modes of the sandwich beam under three-point bending and impact loading. The top
layer with a large density can improve the load-bearing capacity, but the middle/bottom
layer with a low density promotes the specific energy absorption. For instance, the top
layer with low strength (for 52 or 110 kg/m?) would fail in indentation (or shear) mode
in quasi-static (or impact) load case, respectively, because the top layer cannot dissipate
the concentrated load and transfer it to the following layers; however, the top layer with
high strength (for 200 kg/m?®) would deform in bending and transfer the concentrated load
into distributed load, which expanded the area to bear the load layer by layer and also
improved the energy absorption in each layer. Thus, the 200/110/52 core satisfied the large
strength in the top layer and low strength in the middle/bottom layers, resulting in the
largest specific energy absorption.

In the future, more work can focus on the performance of stepwise gradient sandwich
structures with different materials, such as honeycomb, metal foam, lattice materials, etc.
Moreover, different loads can also be considered, such as penetration and blasting loads.
The present work provided a valuable method to design an efficient lightweight sandwich
structure in the protection fields.
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Abstract: Auxetics are materials, metamaterials or structures which expand laterally in at least one
cross-sectional plane when uniaxially stretched, that is, have a negative Poisson’s ratio. Over these
last decades, these systems have been studied through various methods, including simulations
through finite elements analysis (FEA). This simulation tool is playing an increasingly significant
role in the study of materials and structures as a result of the availability of more advanced and
user-friendly commercially available software and higher computational power at more reachable
costs. This review shows how, in the last three decades, FEA proved to be an essential key tool for
studying auxetics, their properties, potential uses and applications. It focuses on the use of FEA
in recent years for the design and optimisation of auxetic systems, for the simulation of how they
behave when subjected to uniaxial stretching or compression, typically with a focus on identifying
the deformation mechanism which leads to auxetic behaviour, and/or, for the simulation of their
characteristics and behaviour under different circumstances such as impacts.

Keywords: auxetics; negative Poisson’s ratio; metamaterials; finite elements

1. Introduction

The last three decades have seen an extensive growth in our knowledge about various
new materials and metamaterials, more known as auxetics [1], which exhibit the rather
unusual mechanical property of a negative Poisson’s ratio [2,3]. Auxetic materials defy
common expectations by expanding laterally when uniaxially stretched, rather than be-
coming thinner. Conversely, these materials become thinner, rather than thicker, when
uniaxially compressed. In fact, the Poisson’s ratio measures the magnitude of this effect [4]
and is defined for a particular cross-section of a material in the plane Ox;-Ox; in terms
of the applied strain ¢; in the direction Ox; and the transverse strain ¢; in the orthogonal
transverse direction Ox; as

vij = —— M

In general, for an isotropic three-dimensional (3D) material, the Poisson’s ratio can
assume any positive or negative value. However, for isotropic materials, this Poisson’s
ratio is restricted to have values —1 < v < +0.5 (—1 < v < +1 for two-dimensional (2D)
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orthotropic) [5]. Materials which are auxetic in all planes for loading in any direction
have been termed as “complete auxetics” whilst materials which are only auxetic in spe-
cific planes for loading in specific directions (common in crystalline materials and cubic
metals [6,7]) have been termed “partially auxetic” [8-10].

Auxetics have associated with them a number of benefits and enhanced properties
that are not that commonly encountered in most everyday materials [11]. They are highly
desirable for their exceptional properties, including high indentation resistance [12-20],
high fracture toughness [20-23], shear resistance [18,24,25], energy absorption [26,27] and
other enhanced dynamic characteristics [28-31]. These unique attributes enable auxetics
to find diverse applications across various fields such as in the medical field [32-37],
sportswear applications [38—42], military defence equipment [43—46], as well as in the
automotive [47—49] and aerospace [50-52] industries. For example, personal protective
equipment (PPE) would benefit from being resistant to indentations. However, traditional
materials tend to displace material away from the point of impact, resulting in reduced
density upon impact. Auxetics, upon impact, behave in a manner that the material flows
towards the point of impact, increasing their density and resisting indentation.

As a result of these enhanced properties and possible applications, scientists have
availed themselves of various research tools to characterize, optimize and design de novo
metamaterials which exhibit auxeticity. In this field of research, pure experimental research
is not always deemed feasible. This may be attributed, at least in part, to the complex
geometries that auxetic structures have, the lack of availability of “off the shelf” auxetic
materials on a large scale, issues relating to sustainability, practical drawbacks of physical
prototyping (prototypes are expensive, unsustainable, difficult to manufacture, and just a
general burden to test) as well as ethical issues which may arise in certain experimental
testing in real applications where auxetics could be truly needed (e.g., stents [53,54]). As
a consequence, researchers have resorted to rapidly developing research protocols based
on computer simulation and numerical analysis, often using experimental results and
analytical studies to verify the numerical results obtained [9,55-69].

One of the numerical approaches which researchers have used to make significant
inroads in the field of auxetics is the finite element method (FEM), a technique that pro-
vides an approximate solution indicating how a system behaves when subjected to specific
physical constraints. The method provides easy solutions when dealing with problems
involving complex geometries and/or nonhomogeneous domains having different prop-
erties in different regions. It involves the subdivision of the original domain into smaller
parts called elements. The subdomains are easier to treat as they can be chosen so that their
governing equations are much simpler than those for the whole domain. These elements
are then connected through the nodes that they have in common. Nodes are locations
in space. In general, in the case of one-dimensional (1D) elements, they would represent
points on a line, while if the elements are 2D or 3D, they represent corners [70]. The shape
of the elements is then determined by joining the nodes via straight lines. (Here it should
be noted that sometimes elements might also have internal nodes.) Once divided into
these subregions, the network of nodes is referred to as a mesh or grid. FEM then involves
solving the governing equations locally at the nodes to determine the physical variables
at these points. Putting together the local solutions provides a piecewise solution that
represents an approximation to the actual one for the whole domain [71]. The accuracy of
the solution depends on the size of the elements and increases with the number of nodes
used. At the same time, the computational time increases with the number of nodes. Hence,
a balance needs to be found between accuracy and processing time. Most frequently, this is
established by requiring that the solution that is used does not vary by more than a small
percentage (many times taken to be 1%) from that obtained using more nodes. At this
point, the solution is considered to be mesh-independent. Once the FEM is applied and the
solution obtained, the subsequent analysis is referred to as the finite element analysis (FEA).
This method dates back to the 1940s, having been developed to overcome the mathematical
difficulties when applying the theory of elasticity [72,73]. In 1956, FEA was adopted by the
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aerospace industry as it allowed the modelling of complex geometries and provided instant
analysis of their mechanical properties [74]. The method provided a solution to many
problems of material analysis by calculating the stress within a structure [75]. The FEA
method is well-known for its reliability in determining the location, magnitude, and direc-
tion of forces, as well as in assigning stresses and deformations. Therefore, within a few
decades, the method was adopted by several research fields, ranging from dentistry [76-80]
to biomechanics [81-84] amongst others [85-88].

A major advantage of using FEA as an integral part of a research protocol to study
auxetics during the design stages is that it reduces the need for prototypes, by providing
a quick, non-invasive and repeatable analysis [§9-91]. Moreover, apart from the obvious
sustainability advantages FEA brings with it when used for the optimization of material
design whilst reducing experimental waste, FEA offers the advantage that it is an excellent
tool to simulate and animate the “deformation mechanism” of auxetics, thereby providing
researchers with essential information on how the deformations are leading to auxetic
behaviour. This also applies to more complex systems such as 3D negative Poisson’s
ratio mechanical metamaterials, that are not only usually elastically stable under large
compressive deformations but are also capable of exhibiting diverse properties by changing
the feature size, making them potential candidates for both functional and structural
applications [92]. This statement was equally relevant before the advent of 3D printing,
as it is now when the current expectations regarding the performance capabilities of
materials, metamaterials and structures have grown tremendously. Moreover, FEA offers
the advantage that it is not limited to the conventional test parameters and can accurately
and reliably simulate real-life scenarios even with unconventional parameters, such as an
isotropic negative Poisson’s ratio. This is particularly useful in the field of auxetics to study
the behaviour of these unconventional materials in practical applications (e.g., shearing [93]
or pressing [13]). Despite the lack of real materials with such properties, FEA enables us to
anticipate their behaviour. Also, FEA can be used to investigate scenarios which would be
difficult to achieve physically. One such study examined re-entrant hexagonal honeycombs
and their post-yield behaviour under tension. Through FEA, the study revealed a plastic
collapse mechanism and identified three stages of force—displacement curves [64].

FEA has been utilised in some of the earliest seminal papers on negative Poisson’s
ratio by Evans and his group who used the software ANSYS (Ansys Inc., Houston, TX,
USA) to model two-dimensional re-entrant honeycombs as an embedded fibre in com-
posites [94] (Figure 1a) and as a template for molecular level systems [95] (Figure 1b)
to model 3D auxetic foams [96], to study continuous fibre-reinforced composites where
either reinforcing or matrix constituents could have a negative Poisson’s ratio [97] and to
model auxetic microporous polymers [98]. Ole Sigmund [99] used a topology optimization
protocol and a method based on a finite-element discretization of the base cells to propose
and analyse various classical auxetic motifs. These included the double-V re-entrant sys-
tem [100] and another motif [101], later referred to as the “anti-tetrachiral” motif [102-104]
(Figure 1c). Nowadays, much more developed commercially available software such as
ANSYS (Ansys Inc., Houston, TX, USA), MSC Marc (Hexagon AB, Newport Beach, CA,
USA) and ABAQUS (Dassault Systémes Simulia Corp., Johnston, RI, USA) combined with
high computational power are essential tools when conducting research in the mechanical
properties of materials and has, thus, been utilized by several research groups, as noted in
Appendix A, in the study of auxetic metamaterials [63,105-113]. It is also most useful that
various textbooks have been written to guide researchers through the background theory
and application of FEA [70,71,114].
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Figure 1. Some of the earliest uses of FEA to model auxetics: (a) Evans et al.’s (1992) matrix embedded
re-entrant network-embedded fibre composite [94] with (a-i) showing the unit cell and (a-ii) showing
a finite element grid used a typical re-entrant network composite with fibre re-enforcement being
unshaded and matrix shaded; (b) various FEA representations of the analogues for the molecular level
systems [95] where (b-i,b-ii,b-iii) correspond to systems with a different number of representative
repeat units constructed from beam elements whilst (b-iv) represents a system where the honeycomb
is embedded within an ultra-soft matrix having a near zero Young’s modulus; (c) examples of the
auxetics motifs generated by topology optimization by Sigmund, where (c-i) shows the double-V
auxetic motif [99] and (c-ii) shows the motif which is now referred to as the anti-tetrachiral motif [101].

Recognizing the growth and development of auxetics, concurrently with finite element
analysis, this review examines some of the major discoveries in the field of auxetics which
have been made through FEA, and shows how this method of analysis contributes to the
shaping of our current knowledge about negative Poisson’s ratio.
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2. Simulation of Auxetic Structures

The diverse range of enhanced properties associated with auxetics, together with
their potential for use in several practical applications meant that, in the last four decades,
considerable effort has been made to design and develop novel or improved auxetic
structures. In fact, as clearly stated by [115], there is a constant “demand for new types of
auxetic structures to achieve different design goals of their use (dynamic behaviour, fatigue
resistance, manufacturability)”.

If one had to look at the modus operandi which has been used to generate and
optimise auxetics, one can clearly identify various approaches, including what may be
referred to as the “systematic geometry-based approach” and the “topology optimisation
approach”. The former approach may be explained through the specific example of the
2D re-entrant geometry motif shown in Figure 1a, which has long been recognised for
its potential as an auxetic system [1,116,117]. The systematic approach typically starts
with the identification of geometric parameters which characterise the system, in this case,
the length of the slanting ligament (1), the length of the ligaments connecting them (h)
and the angle between them (6). It then examines how each of these parameters, and/or
combinations of them, affects Poisson’s ratio. This can be achieved through, for example,
the formulation of analytical models based on assumptions of how the systems deform
(e.g., flexure, hinging and/or stretching of the ligaments) and/or running a series of FEA
simulations where each parameter is varied whilst keeping the other parameters fixed.
Both the analytical and simulation approaches offer distinct advantages and disadvan-
tages. Analytical models lead to mathematical expressions for Poisson’s ratio in terms
of geometric parameters. On the other hand, the systematic FEA approach allows for
a more realistic representation of systems, as discussed elsewhere [118]. The topology
optimisation approach, first applied and pioneered in the field of auxetics in the 1990s by
Sigmund and co-workers [100,119,120], has the capability of automatically achieving an
optimal structure and material layout (geometry) with a negative Poisson’s ratio subject to
specific pre-defined constraints through the use of advanced algorithms. [115,121] Such
constraints include the desired macroscopic properties and prescribed performance. For
example, this approach can help identify optimal structural configurations that maximize
the desired properties of auxetic materials, such as impact resistance or energy absorption,
while maintaining or reducing material weight. Typically, the optimised structures obtained
have their properties evaluated through FEA before potentially being manufactured as
prototypes for experimental testing [122,123]. Various studies have applied the technique
within the field of auxetics, including a study by Clausen et al. [124] who employed param-
eterized optimization to produce auxetic chiral topologies which maintain their desired
Poisson’s ratio over strains; a study by Bruggi et al. [125] who made use of SIMP-based
topology optimization (i.e., solid isotropic material with penalization) to obtain auxetics
based on micropolar materials; and a study by Wang et al. [126] who applied isogeometric
topology optimization with the aim of reducing stress concentrations within star-shaped
auxetic structures.

2.1. Two Dimensional Systems

A substantial number of studies on auxeticity were devoted to investigating the
mechanical properties of two-dimensional motifs that are capable of exhibiting a negative
Poisson’s ratio. This focus on 2D systems is probably due to the fact that the Poisson’s ratio
v;j can essentially be regarded as a 2D property.

The re-entrant honeycomb geometry, shown in Figure 1, is one of the most studied
auxetic motifs. This structure essentially represents a standard hexagonal honeycomb
where the classical Y-shaped joints have been inverted to form arrow-shaped joints. Such
systems are known to exhibit a negative Poisson’s ratio when loaded on-axis, primarily due
to flexure (or hinging) of the slanting ligaments. This motif, equally useful as a 2D system
and as a model for particular cross-sections of 3D materials, was one of the earliest auxetic
systems studied by FEA around three decades ago [94-96] (Figure 1a,b). Since then, numer-
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(d)

ous modified re-entrant structures were tested through FEA to diversify and/or optimise
the geometry [127-129] and to analyse the resulting mechanical properties such as energy
absorption capacity [127], synclastic behaviour [130,131] and impact resistance [132-134].

Numerous other studies have utilised FEA to investigate several variations based
on the 2D re-entrant hexagonal honeycomb systems and Sigmund’s double-V model
(Figure 1c-i) to simulate their mechanical properties, including in-plane Poisson’s ratio and
Young’s modulus under uniaxial loading [135-139]. Through FEA simulations, several
studies were carried out on the shape optimization of the re-entrant honeycombs by
analysing the effect of a number of variables on the physical properties. For instance, Lu
etal. in 2016 [140] analysed a re-entrant honeycomb with an additional narrow rib in the
unit cell, resulting in a cellular structure with significantly enhanced Young’s modulus [140].
Bezazi et al. in 2005 [135], and the subsequent work by Harkati et al. in 2017 [128],
investigated the system illustrated in Figure 2b. Most notably, Bezazi et al. reported that
for certain internal angles, the proposed structure exhibits a decrease in the Poisson’s ratio
when compared to the conventional honeycomb. Also, the presence of edge corners in the
proposed configuration gives rise to a cellular structure with enhanced flexibility compared
to the classical centrosymmetric one [135]. In the follow-up work, Harkati et al. [128]
investigated the shear and axial deformation using FEA, providing a better insight into
the deformation mechanism for the auxetic behaviour and the geometric parameters
governing them, specifically the cell wall thickness [128]. Moreover, Gohar et al. [127] used
FEA to optimize and model various novel auxetic structures under compressive loading
(Figure 2c), systems which they then constructed using 3D printing and tested physically.
These included a set of novel re-entrant structures, termed mixed-star structures. These
re-entrant structures exhibited a number of superior properties, including a high energy
absorption capacity [127].
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Figure 2. Examples of modified re-entrant structures, which can be seen as variations in the units
in Figure 1, proposed by (a) Lu et al. (2016) [140]; (b) Bezazi et al. (2005) [135] and Harkati et al.
(2017) [128]; (c) Gohar et al. (2021) [127]; (d) Huang et al. (2017) [141]; (e) Khan et al. (2019) [59]
and Mustahsan et al. (2022) [142]; (f) Guo et al. (2020) [143]; (g) Wang et al. (2023) [144]; and
(h) Zhang et al. (2021) [145] and (i) Li et al. (2022) [129].
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Similarly, Huang et al. [141] investigated a new type of honeycomb design consisting of
two distinct parts, a re-entrant hexagonal component, and a thin plate section, illustrated in
Figure 2d. The authors developed theoretical models describing the in-plane uniaxial tensile
modulus, shear modulus and Poisson’s ratios, and verified them through FEA [141]. FEA
was also instrumental in validating analytical and experimental methods, as demonstrated
in the work by Khan et al. [59] and Mustahsan et al. [142] (Figure 2e). These used FEA
in conjunction with experimental testing to validate the analytical model accounting for
the bending, shearing and axial deformation of modified re-entrant honeycomb structures
and showed a close agreement between the three methods (numerical, analytical and
experimental). Other notable studies include the investigations by Guo et al. (2020) [143]
on the double-U honeycomb structure shown in Figure 2f, in which the arrow-shaped
system in Figure 1c-i proposed in the 1990s by Ole Sigmund [99] and Larsen et al. [100]
was modified to have better load resistance and a higher energy absorbing capacity [143],
and the WSH honeycombs composed of stars and hexagons studied by Wang et al. (2023)
(Figure 2g) which exhibited excellent energy absorption capacity and enhanced anti-impact
behaviour [144].

Another study carried out by Zhang et al. investigated two new hybrid metamaterial
concepts combining a core unit cell of re-entrant or cross-chiral shape with lateral missing
ribs (Figure 2h). FEA simulations optimised specific effective properties, while non-linear
simulations were used to study the Poisson’s ratio and stiffness of these metamaterials
under large deformations [145]. Similarly, Li et al. proposed the composite auxetic structure
consisting of corrugated sheets and tubes, shown in Figure 2i. This was studied using
FEA, in conjunction with experiments and theoretical analysis, to investigate the variables
affecting the Poisson’s ratio and the mechanical properties of the structure, as well as shape
optimization [129]. Other rather complex 2D systems studied include the hierarchical re-
entrant honeycombs by Zhan et al. (2022), who used FEA to show that these systems exhibit
enhanced mechanical properties under compression. Here, analysis of the deformation
shows that when the system is compressed, the addition of a second order triangular
hierarchy converts the deformation mechanism from bending-dominated to stretching-
dominated, and revealed a combination of deformation mechanisms which contributed to
significant improvement in the mechanical properties [146].

The FEA method has been employed to explore various other auxetic mechanisms
including chiral systems and rotating rigid units. In particular, inspired by work the of
Lakes [147,148] and Sigmund et al. [101], FEA was a key tool in studying 2D periodic
systems characterised by highly ordered chiral sub-units [102-104,129,149-157] (such as
the ones in Figure 3a,c), as well as systems with disordered or irregular chirals [158,159]
(such as the system in Figure 3c).

Here, FEA was used to carry out parametric studies to optimise the geometries of
the proposed chiral systems and to investigate their mechanical properties such as aux-
eticity, energy absorption capacity, shear resistance and much more. The unifying design
aspect of these chiral systems is that they generally consist of rigid nodes to which thin
flexible ligaments are attached in a manner that they form a chiral building block. As
discussed by Alderson et al. [104], to model this system through a representative vol-
ume unit, it is essential to apply the appropriate boundary conditions and constraints
(see Figure 3a-iii,a-iv as an illustration of typical constraints applied). Furthermore, as
highlighted by Mizzi et al. [160], the correct application of the boundary conditions often
dictates the success or otherwise of a simulation. Simulations of systems with a chiral
building block such as the ones shown in Figure 3a—c demonstrate that auxeticity from the
“chiral mechanism” occurs when the ligaments are flexible and the nodes are rigid. Gener-
ally, when the system is subjected to uniaxial compression, the nodes with the ligaments
attached to it rotate, thus, constraining the ligaments to flex in synchrony (to some extent
or another). This synchronized mode of deformation causes a lateral contraction which
in turn results in auxeticity, something which is even evident in the irregular hexachirals
simulated by FEA by Mizzi et al. (2018). [159] However, when the nodes are much less
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rigid than the ligaments, deformations occur predominantly in the nodes, as demonstrated
by Attard et al. (see Figure 3c-ii) [150]. The authors referred to this mechanism as the
“starchirals mechanism”.

FEA was also one of the main tools used to explore how slits and perforations
could generate a negative Poisson’s ratio [161-167]. Notably, early studies on this idea
(Figure 4a—c) highlight how strategically placed perforations could transform a regu-
lar sheet to an auxetic or zero-Poison’s ratio system by making it mimic the “rotating
squares” [168] and “rotating triangles” [169] auxetic mechanisms. This could be achieved
when using appropriately placed diamond-shaped (Figure 4a) [161], slit [162] (Figure 4d),
star-shaped [164] (Figure 4b) or triangular-shaped [164] (Figure 4c) perforations. Other
similar studies investigated the mechanical properties and deformation mechanisms of “ro-
tating rigid units”-mimicking systems. Amongst others, Wang et al. (2021) [170] and Atilla
Yolcu et al. (2022) [171] explored such systems designed through the use of regularly and
irregularly peanut-shaped perforations (depicted in Figure 4e); Acuna et al. [172] simulated
rectangular perforations; whilst Mrozek and Strek [173] (Figure 4f) investigated a system
of perforations mimicking the rotating squares model [64,174-176]. Afshar et al. utilised
FEA to investigate non-porous perforated rotating rigid units having a soft inclusion in
the perforations. It was shown that these inclusions still retained a negative Poisson’s ratio
but reduced the extent of auxeticity. This would be useful in applications of non-porous
auxetic materials [105]. Similar conclusions were also drawn in an earlier FEA study by
Mizzi et al. (2015) [177] which examined non-porous grooved single-material systems.
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Figure 3. Examples of auxetics with chiral building blocks or based on rotating rigid units obtained
via slits or perforations: (a) the repeat units in the regular (a-i) tetrachiral, (a-ii) anti-tetrachiral
(a-iii) trichiral and (a-iv) anti-trichiral, as presented in the work by Alderson et al. (2010) [104];
(b) the repeat unit and the manner it deforms as predicted by FEA of an irregular hexachiral [159];
(c) FEA-simulated deformations of uniaxial compression in the vertical y-direction of (c-i) hexachirals,
where the star-shaped node is much more rigid than the ligaments, and (c-ii) starchirals, where the
ligaments are much more rigid than the nodes with the consequence that deformations occur within
the nodes (the “starchiral mechanism”) [150].

64



Materials 2024, 17, 1506

Figure 4. Examples of perforated systems which mimic rotating rigid units: (a) systems with

diamond-shaped perforations where system in (a-i) has minimal overlap compared to system in (a-ii);
(b) systems with star-shaped perforations where system in (b-i) has minimal overlap compared to sys-
tem in (b-ii); (c) systems with triangle-shaped perforations, where system in (c-i) has minimal overlap
compared to system in (c-ii); (d) systems with slits (regular (d-i) and randomly oriented (d-ii));
(e) system with (e-i) regularly and (e-ii) irregularly placed peanut-shaped perforations; and
(f) implementation of a rotating squares model as proposed by Mrozek and Strek et al. (2022) [173].
Systems in (a,d,e,f) mimic the rotating squares model, whilst (b,c) mimic the rotating triangles model.
Note that, if applicable, systems are being loaded vertically.

2.2. Three Dimensional Systems

3D auxetic materials and models, ranging from crystalline materials such as zeolites,
silicates, etc. [178-180] to macroscopic systems such as the Hoberman sphere [181] are
gaining importance due to their abundance, versatility, properties and potential applica-
tions. However, their added complexity compared to their 2D counterparts, can make
the interpretation of their Poisson’s ratio more challenging. In 3D auxetics, the overall
deformations might result from multiple auxetic mechanisms acting simultaneously, as
evident in some of the earliest seminal work in the field (Figure 1c-ii) [101]. FEA, thus,
becomes an even more indispensable tool to elucidate their intricate behaviour. In fact,
FEA has been extensively used to investigate a wide range of 3D auxetics including cellular
materials [129,171,182], composites [183-187] and some rather novel constructs such as a
surface auxetic structure (SAS) [188].

FEA has offered diverse insights into the effects of different geometric parameters on
the mechanical properties and deformation mechanisms in 3D systems from as early as
the 1990s. The diversity of systems studied can be appreciated from some cellular systems
shown in Figure 5. Evans et al. [96] used the elongated dodecahedron as a model for auxetic
foams (Figure 5a). More recently, Yang et al. [189] and Wang et. al. [190,191] studied a 3D
re-entrant honeycomb (Figure 5b); Nasim and Etemadi [192] proposed a cellular structure
(Figure 5c); Farrugia et al. (2019) [193] explored a novel 3D anti-tetrachiral honeycomb
Figure 5d; and Wang et al. (2020) [194] investigated “3D cross-chiral auxetic materials”,
a system where some of its 2D projections bear a very close resemblance to the “rotating
squares” [168] profile with the squares replaced by crosses [195] (Figure 5e). Later, in
2021, Photiou et al. worked on the so-called “tetra-petal auxetic [196] (Figure 5f), while
in 2022, Grima-Cornish et al. [197] examined the crystalline material framework of boron
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arsenate as if it were a purely mechanical system (Figure 5g). Recently, it has also been
proposed that 3D auxetic systems may be constructed by introducing continuous voids
having constant cross-sectional areas at particular loci in different planes [198]. Collectively,
these works highlight how FEA simulations have become the staple tool to bridge design
and mathematical modelling with experimental work and physical testing. Moreover, for
a given idealised design or concept, FEA has made it possible to obtain a glimpse into
how real systems might behave, thereby guiding experimentalists towards the synthesis
of systems with tailor-made auxetic properties. All this contributed significantly to the
growth of the field of auxetics over the last decades. While most 3D cellular systems exhibit
their auxetic behaviour through “re-entrant” or “rotating rigid units” (or its chiral variant)
mechanisms, Su et. al. investigated a 3D-printable auxetic metamaterial operating through
a sliding mechanism (Figure 5h). Their experimental and FEA simulations produced
coherent results, and the proposed structure was claimed to exhibit superior performance
to the 3D re-entrant honeycomb, due to higher compression resistance and more stable
auxetic behaviour [199].

Figure 5. Examples of 3D cellular structures studied via FEA in the last three decades: (a) work
by Evans, Nkansah and Hutchinson, 1994, on a cellular systems to simulate the microstructure of
auxetic foams [96]; (b) work by Wang et al., 2017, on a re-entrant version of the classical re-entrant
honeycomb [191]; (c) another 3D version of the re-entrant honeycomb as studied by Nasim and
Etemadi, 2018 [192]; (d) the 3D chiral cellular structure as proposed and studied by Farrugia, Gatt
and Grima, 2019 [193]; (e) a 3D cellular system as studied by Wang et al., 2020, which can be seen as a
3D render on the “rotating squares” [194]; (f) a 3D cellular structure proposed, modelled and tested
experimentally by Photiou et al., 2021 [196]; (g) a mechanical version of a crystalline system modelled
by Grima Cornish et al., 2022 [197]; and (h) a sliding system investigated by Su et. al. (2021) [199].

From a design and modelling perspective, the possibility to make use of the third
dimension brings with it some very interesting possibilities on how to achieve auxeticity.
FEA facilitates the transition from concept to an actual physical model. Thus, tubular
structures were made by morphing novel or existing 2D auxetics into the shape of a tube
for potential use as biomedical devices like artery stents. Wu et al. (2018) [62] (Figure 6a-i)
followed the design principles proposed by Gatt et al. [200] (Figure 6a-ii) to explore the
mechanical properties of the proposed artery stents. Understanding such properties is
crucial for the mechanical integrity and biomechanical performance reliability of the stent-
plaque-artery system. Wu et al. proposed two innovative chiral stent types with auxetic
properties: an anti-tetrachiral stent with circular and elliptical nodes, and a hierarchical
anti-tetrachiral stent with circular and elliptical nodes (Figure 6a). FEA was employed to
study the effects of stent geometrical parameters on the tensile mechanical behaviour of
the proposed stents. It was deduced that the proposed anti-tetrachiral stent can be tailored
by adjusting the levels of hierarchical structures and unit cell design parameters. FEA
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was used to study the deformation mechanism during stenting. The proposed structures
exhibited remarkable radial expanding abilities while maintaining axial stability, which is
ideal for such applications [62].
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Figure 6. Other examples of 3D auxetics studied via FEA: (a) simulations by Wu et al. [62] of the
mechanical properties of (a-i) regular and hierarchical anti-tetrachiral auxetic stents, the latter being
based on the design concept by Gatt et al. [200] shown in (a-ii); (b) 2022 work by Changfang et al. [188]
on surface auxetic structures; (c) 2022 work by Wan et al. [201] on programmable auxetic metamateri-
als with shape memory effects; (d) honeycomb composites with auxetic out-of-plane characteristics
as proposed and modelled by Grima et al. [183]; and (e) 2023 work by Li et al. [187] on the auxetic
and failure characteristics of composite stacked origami cellular materials under compression.

Other studies of this type include work on the surface auxetic structures (SAS) studied
by Changfang et al. (2022) [188] (Figure 6b). These structures are obtained by morphing
2D auxetic surfaces into 3D shells. FEA was employed to study two types of SAS: RAS
(reversed auxetic structure) and CAS (crimped auxetic structure). The focus was on simulat-
ing the compressive behaviour of both plane and surface auxetic structures to understand
their mechanical behaviour and energy absorption characteristics. Through this study, it
was deduced that RAS displayed the auxetic effect of compression shrinkage as well as
the super-mechanical effect of compression twist. Such behaviour was found to appear
only in the local positions of the beams, giving the structure great potential in engineering
applications [188]. Recent work by Wan et al. delved into four-dimensional (4D) printed
programmable auxetic metamaterials with shape memory effects, using both FEA (see
Figure 6c) and experimental approaches [201]. The analysis revealed that the proposed
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cylindrical shells possess desired mechanical properties and configurations, indicating
potential applications as biomedical scaffolds [201].

FEA has also proven particularly valuable when analysing auxetic composite struc-
tures. This is evident from the early contributions to the field by Evans et al. [94,97]. Grima
and co-workers [183] used FEA simulations to demonstrate how an auxetic 3D composite
consisting of metal honeycombs embedded in a soft rubbery matrix could exhibit a negative
Poisson’s ratio out-of-plane by forcing the softer matrix to move out of the pores whilst
the honeycomb is stretched (Figure 6a). Through FEA, researchers could investigate the
effects of changes in framework geometry in relation to changes in the Poisson’s ratio
both in-plane and out-of-plane. This enabled the optimisation of composite parameters
for maximum auxetic behaviour [183]. Additionally, these simulations led to an analytical
study outlining the requirements for auxetic behaviour.

Recent work on composites also includes that of Li et. al. (2023) [187] who used FEA
to investigate the mechanical and auxetic characteristics of a composite fibre-reinforced
stacked origami structure (Figure 6d). It was deduced that composite stacked origami
structures have lower density and better energy absorption characteristics compared to
those made from metal using additive manufacturing processing [187]. Another interesting
work is that on cementitious composites [184], where FEA-based machine learning was used
to generate accurate predictions of the auxetic behaviour in cementitious composites [184].

3. Simulation of Responses on Auxetics under Dynamic, Quasi-Static Loading, Impact
and Indent Loading

The use of FEA as a tool to simulate the responses of auxetic materials and structures
has been pivotal, primarily due to its efficiency and time/cost-effectiveness compared to
actual physical testing as it reduces the need for production and testing of experimental
prototypes [192,202]. FEA’s efficiency lies in its ability to accurately acquire the desired
mechanical responses and to analyse the behaviour of different sections of the material
in a manner which is sometimes difficult to perform experimentally in a non-destructive
manner. This is crucial when assessing the response of the material to applied loads and
other desirable properties as required by the intended application.

The properties of auxetics are inherently linked to their geometry (including topology)
and deformation mechanism (which may be controlled through a number of ways, such as
materials contrast [203]). To achieve the desired properties, researchers often investigate the
effect of the geometric parameters on the mechanical properties and behaviour of auxetics
under specific conditions. Recently, there has been growing interest in the mechanical
properties and energy absorption capacity of auxetic materials under dynamic and quasi-
static loading. One of the key challenges in this area is to develop a deeper understanding
of the factors that influence these properties under different loading conditions and the
deformation modes of specific auxetic structures, challenges which may be successfully
addressed using FEA.

In a 2022 study, Han et al. [204] used FEA to investigate the mechanical properties
and deformation modes of gradient and uniform auxetic tubes subjected to axial and
inclined loads (Figure 7a). Their findings revealed that the gradient auxetic tube had
better energy absorption capacity and higher strength compared to the uniform auxetic
tube [204]. Similarly, in the same year, Han, Ren et al. used FEA to investigate a design
for ribbed metamaterials with high-quality energy-absorption capability speeds [205].
In a more recent study, Wang et al. [144] conducted numerical simulations to study the
static and dynamic plateau stresses of windmill-like (WSH) honeycombs and their energy
absorption capacity (Figure 7b). Comparing these with the STAR-4 auxetic honeycomb and
the standard re-entrant honeycombs, they found that the windmill-like (WSH) honeycombs
had excellent energy absorption performance under both static and dynamic loading
conditions [144]. In the study by Chen et al,, a set of auxetic lattices with enhanced
stiffness were proposed. This was achieved by adding a strengthening rib into conventional
auxetic unit cells in a direction perpendicular to the re-entrant direction. The effective
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mechanical properties of these variants were calculated using the fast Fourier transform-
based homogenization method, which illustrated that their Young’s modulus in 2D can be
improved by approximately 200% along the strengthening direction without significantly
sacrificing the auxetic characteristics. However, such an enhancement is weakened in 3D.
The paper provides insight into the design of the new structures of unit cells with enhanced
stiffness and a negative Poisson’s ratio [206].
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Figure 7. Examples of dynamic simulations: (a) deformation modes of a gradient auxetic tube and
uniform auxetic tube under axial and inclined loads for 3D auxetics studied via FEA by Han et al.’s
2022 work [204]; (b) work by Wang et al. (2023) showing a comparison of experimental and FEA
deformation diagrams under dynamic impact behaviour with an impact velocity of 1.7 m/s [144]; and
(c) uniaxial compression at different velocities of the regular chiral as simulated by Novak et al. [207].

Novak et al. [18,207] explored the mechanical behaviour of chiral auxetic [207] (see
Figure 7c for the results of the simulation of a regular chiral auxetic under dynamic
uniaxial compression at different velocities) and graded /non-graded [18] cellular structures
under different loading conditions. Their investigation included quasi-static low-velocity
dynamic compression and high-strain rate loading and shearing scenarios. The study
employed experimental measurements, infrared thermography, high-speed camera images
and computational simulations to examine the deformation mechanism of chiral auxetic
structures. Computational simulations were used to obtain a more detailed analysis of
mechanical behaviour at different strain rates and estimations of plateau stress at arbitrary
loading velocities. As a result of this analysis, Novak et al.’s work provides insights
into the use of chiral auxetic structures in crashworthiness, ballistics and blast protection
applications [18,207].
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Other noteworthy studies that have made use of dynamic and quasi-static compres-
sion, as well as different impact velocities, include several modified re-entrant diamond
structures which exhibited a superior specific energy absorption [208,209]. Similarly, in-
vestigations of modified re-entrant honeycombs exhibited potential for crashworthiness
applications [210,211]. Additionally, studies examining the energy absorption capacity of
star-circle honeycomb structures led to the development of different design strategies for
the auxetic honeycomb [212].

FEA has also been implemented to expose such materials to dynamic and static crush-
ing conditions. Li et al. conducted a study to analyse the in-plane uniaxial and biaxial
crushing characteristics of three honeycombs through explicit dynamic FEA. This research
aimed to compare the deformation mode, plateau stress, energy absorption and impact
response [213]. In a 2019 study by Qi et al. [154], the in-plane crushing response of tetrachi-
ral honeycombs was investigated under both quasi-static and dynamic loading conditions.
This revealed the different modes of deformation in response to the different loading condi-
tions [154] (Figure 8a). A subsequent study by the same authors [214] (Figure 8b) made
use of the FEA-predicted deformation to reveal the underlying mechanisms by analysing
patterns in the internal stresses for a re-entrant honeycomb with petal-shaped inclined ribs,
which they termed as “re-entrant circular auxetic honeycombs”. The article identifies three
distinctive regions in their unit cell configuration map, each corresponding to a mesoscale
interaction pattern and a macro-scale deformation mode [214].

Other studies analysing the crushing performance through FEA include a paper
published in 2020 by Wei et al. [215] investigating the deformation upon the crushing of
star-shaped honeycombs and a new type of auxetic honeycomb “star” structure (termed
star-triangular honeycombs) (Figure 8c). Another study by Singh et al. [216] used FEA to
investigate the deformation mechanisms observed during the static inclined compression of
the re-entrant honeycomb auxetic structure (Figure 8d), a mode of loading which is likely to
have a number of practical applications. This research introduced a novel method to extract
micro deformation mechanisms under inclined loading, which were related to the macro
deformation regime and the overall mechanical response of the re-entrant honeycomb
structure. Through the identification of elements undergoing the plastic strain of more
than 10%, micro modes were successfully identified [216]. Incline loading on re-entrant
honeycomb systems has also been studied in work by Dhari et al. [217]. Furthermore, a 3D
re-entrant structure was also analysed under dynamic crushing conditions to observe its
behaviour under extreme deformation [218].

Auxetic materials are also associated with impact resistance and have been proposed
in applications of protective gear and automotive bumpers. Over the recent years, FEA
has seen extensive use in exploring how auxetic materials behave in impact scenarios,
significantly aiding material testing across industries such as automotive and aerospace
industries. FEA offers a repeatable, non-destructive and rapid test, in lieu or in conjunction
with the more time-consuming experimental tests. FEA protocols commonly investigate
how auxetic materials respond to impact by analysing the dispersal and redirection of
the force, as well as the energy absorption properties. This has proven particularly useful
in analysing the crushing patterns and the deformations. For instance, Liu et al. show-
cased the behaviour of re-entrant auxetic honeycombs under different loading speeds [219].
Meanwhile, Guo et al. examined the impact of velocity and indenter size on a double
U honeycomb structure (Figure 2f), and found it to exhibit superior energy absorption
capacity and stress distribution compared to the conventional counterpart [143]. Similar
to the work above, FEA has been instrumental in assessing the impact velocity and crash-
worthiness of auxetic structures, including a number of honeycombs [220] and modified
honeycombs [144], hierarchical honeycombs [211] and chiral auxetic structures [152].
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Figure 8. The crushing of auxetics as simulated by FEA: (a) quasi-static crushing at different extents
of the global strains of tetrachiral honeycomb as summated by Qi et al. [154] at a velocity of 1 m/s;
(b) predicted deformation processes of a re-entrant circular auxetic honeycombs specimen at typical
states in the macro- and mesoscale as simulated by Qi et al. [214]; (c) the crushing of “star” hon-
eycombs as simulated by Wei et al. [215]; (d) static inclined compression of re-entrant honeycomb
auxetic structure as simulated by Singh et al. [216], where (d-i) shows the effect of angle of the
inclination 6 of how the load is applied and (d-ii) focuses on the system where 6 = 0°, 20°, showing
the deformation at different extents of applied strain.
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A number of studies have used FEA to investigate the effect of indentation on the
deformation mechanism [17]. In recent studies, FEA served to validate findings on the
indentation resistance of the hexagonal honeycombs [221] and the indentation behaviour
of 3D-printed auxetic reinforced composites [222]. Moreover, a recent study by Attard et al.
looked at indentation from the perspective of the indenter. FEA was employed to examine
the response of a finger-like indenter made from an inner hardcore (representing bone)
surrounded by a softer outer layer (representing flesh) when pressing on a hard sample
lined with an auxetic or conventional softer materials. This study revealed that although the
auxetic material, with a highly negative Poisson’s ratio, may feel harder when compared
to a conventional material of the same Young’'s modulus, the auxetic does not have the
“bottoming up” disadvantage and, thus, a thinner layer of auxetic can replace a much
thicker conventional protective layer. Another emerging direction of studies [223] is the
examination of the dynamic properties of auxetics. This is due to a multitude of potential
applications that include acoustic absorbers [224-227], seismic insulators [228-231], energy
harvesting devices [232,233] and artificial intelligence [234,235]. To assess the dynamic
properties of the system through the FEM simulations, the first step typically corresponds
to the determination of its phononic band structure. A common approach in this case
is the use of a single unit cell with Floquet periodic boundary conditions. The resulting
phononic band structure provides a plethora of information about the properties of the
system ranging from the group and phase velocities of waves propagating through the
system [236] to the phononic band gaps [237-239], as well as other more complex topo-
logical effects [240-242]. The possibility of finding the phononic band gaps is of practical
importance since it allows the determination of ranges of frequencies at which waves are
not transmitted through the system. The Bragg band gaps [243] can be observed once the
effective wavelength of the wave propagating through the structure is approximately twice
as large as the lattice constant of a metamaterial acting as a phononic crystal [244-246].
Over the years, a multitude of studies have been conducted on this topic to identify dif-
ferent classes of metamaterials that could act as wave insulators at various ranges of
frequencies. These studies have been reported for devices at very different size scales [247]
that corresponded to considerable band gaps at a broad range of frequencies including
megahertz [248], kilohertz [249-252] as well as even lower frequencies related, for example,
to seismic applications [228,253,254].

An important aspect that merges the worlds of static and dynamic properties of meta-
materials is the possibility of controlling the phononic band structure through structural
reconfiguration. In the case of a majority of metamaterials, to significantly modify the
phononic band structure and the corresponding band gaps. it is necessary to change the
system either by modifying the dimensions of its structural components [255] or by artifi-
cially changing the mass of the system, for example, by adding elements having a nonzero
mass [256,257]. Despite the effectiveness of these approaches, these methods share the
limitation that it is impossible to change the behaviour of the system without fabricating
it again. There are also literature examples of metamaterials where the quasi-static me-
chanical reconfiguration influences the system to the point that its vibration modes change
compared to the initial structure. For such scenarios, the entire band structure can indeed
be considerably modified. It should be noted that this goal, to a moderate extent, can be
achieved even for relatively simple geometries that are often studied from the perspective
of their static properties [258-261]. Nonetheless, a greater change in the band structure can
typically be observed for more complex or multistable systems that can be controlled even
via external stimuli [262-264].

In conclusion, the studies reviewed here demonstrate the usefulness of FEA in
analysing the mechanical properties and energy absorption capacity of these materials. FEA
was pivotal in illustrating the great potential that auxetics have for applications requiring
high-energy absorption capacity, such as in the automotive and aerospace industries.
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4. Design of Products

FEA excels at replicating testing scenarios and analysing the behaviour of material
within a specific scenario. Its application is not limited to replicating what is typically
measured in conventional lab testing; rather, it can be extended to replicate the conditions
in which the product is expected to perform, enabling the observation of its response.

Chow et al. proposed the use of 3D-printed thermoplastic polyurethane (TPU) with
an auxetic architecture insert for pressure therapy to treat hypertrophic scars. The auxetic
structure was designed to easily accommodate the contours of the human body during
joint movements. The concept was initially tested in FEA examining the synclastic effect of
out-of-plane bending. Subsequently, the formability, structural deformation and auxetic
response of re-entrant and double arrowhead auxetic structures were numerically evalu-
ated, followed by an experimental prototype. The study successfully demonstrated how
the design was able to facilitate a stable level of pressure during body motion, promoting
the recovery of hypertrophic scars [265].

In the construction industry, Menon et al. used FEA to observe the deflection behaviour
of basic auxetic re-entrant beams and proposed an improvement to auxetic beam designs,
comparing them with traditional beams when used in constructing a lightweight bridge
(Figure 9a). The FEA analysis showed that the new auxetic beam designs exhibited better
properties with minimal deflection, enhanced load-bearing capacity and a 64% reduction
in material [266]. Another study [267] also used FEA to investigate auxetic honeycomb
sandwich panels for structural applications. These panels offered reduced weight and
displayed a remarkable reduction in the radiated sound power level due to the sandwich
structure with an auxetic core [267]. It is important to note that FEA simulations of auxetics
extend beyond mechanical scenarios such as uniaxial loading, shearing, pressing, crushing
or indenting to encompass more complex scenarios essential for advanced applications.
In particular, FEA was extensively used in acoustic and vibration frequency analysis of
auxetics. For instance, in two studies by Li et al., the authors developed and applied
a FEM to evaluate the propagation of acoustic and elastic waves through 3D phononic
crystals. The method accurately computed band structures and identified band gaps and
eigenmodes. The results showed that the finite element method was precise and efficient
for computing band structures of complex phononic crystal structures with irregular unit
shapes and could provide accurate results with commercial finite element code [268,269].
The research has been subsequently used by numerous studies [270,271] for numerical
and experimental investigations of phononic crystal structures and the design of novel
acoustic devices.

In a study by Li et al., fundamental frequencies were modelled for a structure com-
prising sandwich plates with a functionally graded (FG) auxetic 3D lattice core. Non-linear
FEA revealed that the effects of FG configurations and strut incline angles are significant,
with the FG-X specimen exhibiting the highest fundamental frequency. The study also
investigated the large amplitude vibration characteristics of sandwich plates with an aux-
etic FG 3D lattice core in different thermal environments. Using full-scale non-linear FEA
simulations, the effects of FG configurations on the natural frequencies, non-linear-to-linear
frequency ratios of sandwich plates, and EPR amplitude curves were studied. Results
indicate that the FG configurations distinctly affect the linear and non-linear vibration
behaviour of sandwich plates, with EPR-amplitude curves stabilising when the vibration
amplitude is sufficiently large. Overall, the study sheds light on the vibration behaviour of
functionally graded auxetic 3D lattice metamaterials and sandwich plates with such core,
offering insights for further investigations [272].

FEA has been applied in several studies to replicate the loading conditions of passen-
ger vehicles to investigate different structures of auxetic non-pneumatic tyres [273-275]
(Figure 9b). Additionally, it played a role in the design of anti-tetrachiral stents and hierar-
chical anti-tetrachiral stents with circular and elliptical nodes. Through FEA, the effects
of stent geometrical parameters on the tensile mechanical behaviour of these stents were
studied [62], as discussed previously.

73



Materials 2024, 17, 1506

Given the excellent ability of FEA to mimic high impacts, with adjustable impact
velocities, indents and more, FEM has also been used to facilitate and explore the use of
auxetics in military and sports equipment. FEA has already been used to predict material
and product behaviour under certain conditions and to analyse design parameters in snow-
board wrist protectors [276], helmets [41,277,278] and other sports equipment [279-281].
Mosleh et al. [278] used FEA to compare three scenarios involving helmets and head impact,
namely an oblique head impact on foam at an angle of 45°, a linear impact of the helmeted
head at an angle of 0° and a 45° oblique impact of the helmeted head (Figure 9c). In 2020,
Airoldi et al. [282] studied foam-filled energy absorbers with auxetic behaviour for localized
impacts and compared the results of FEA simulation to experimental results. A more recent
study by Chen et al. (2023) employed FEA to investigate the effect of re-entrant arrowhead
liners on helmet protection performance [283]. Through this study, it was illustrated that
the auxetic lattice liners offer resistance to indentation, thereby enhancing the protection
performance of the helmet [283].

When developing PPE, it is also crucially important to consider how materials behave
when bent. Auxetic materials possess the remarkable ability to adopt a dome-shaped
curvature under bending, making them particularly desirable for integration into PPE.
Research conducted by Easey et al. employed FEA to explore the dome shape configurations
exhibited by various cellular geometries, including re-entrant, arrowhead, tri-chiral and
hexagonal patterns [284]. Their study highlighted that auxetic cellular domes demonstrate
lower indentation resistance under compressive loading compared to solid counterparts,
underscoring their potential suitability for PPE applications [284].

Another property sought after in the development of PPE is energy absorption and
crashworthiness. Auxetic materials demonstrate enhanced energy absorption and crash-
worthiness due to their distinctive negative Poisson’s ratio, resulting in compression-
induced compaction. This property is also sought after in the automotive and aircraft
industries. In a recent study by Tan et al., FEA was employed to study the energy absorp-
tion and crushing performance of hierarchical honeycombs [285]. It was illustrated that the
electric vehicle crashworthiness is remarkably improved by the application of the auxetic
hierarchical crash box [285].

Within this context, FEA has been employed to investigate the effects of unit-cell
geometry and Poisson’s ratio on mechanical properties in auxetic structures and plates.
Additionally, FEA has been utilised to analyse the potential of auxetic constituents in
composite materials, as demonstrated in the comparison between FEA and experimental
analysis (Figure 9d) [286,287].

Several studies have investigated the ballistic impact behaviour of auxetic materials.
In a study by Novak, chiral auxetic cellular structures were tested to analyse the effect
of ballistic velocity and the deformation behaviour of composite sandwich panels. The
experimental results validated the computational model of cover plates, which was further
utilised to develop computational models of auxetic composite sandwich panels. The study
shows that by using the auxetic sandwich panel, the ballistic performance is enhanced com-
pared to monolithic cover plates [288,289]. In a recent study, the ballistic impact behaviour
of auxetic sandwich composite human body armour was analysed using FEA. Numerical
simulations showed improved indentation resistance and higher energy absorption in
the auxetic armour compared to conventional monolithic armour [61]. Similar auxetic
sandwich panels were also considered for blast protection in military vehicles, showcasing
superior performance both in terms of being more lightweight and offering better protec-
tion compared to the solid plate [290]. Additionally, other studies also investigated the use
of auxetics in body protection pads [291].
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Figure 9. FEA of auxetics and product design: (a) auxetic beams for use in the construction industry
by Menon et al. (2022) [266], where (a-i) shows the ARS45-135 auxetic beam and (a-ii) compares this
beam to a conventional sandwich-panel beam in lightweight bridge construction; (b) non-pneumatic
tyres investigated by Wu et al. (2022) [274], where (b-i) shows the profile in 2D and (b-ii) shows the
results of FEA-simulated deformations; (c) helmet design as studied by Mosleh et al. (2018) [278]
who examined direct and oblique head /helmet impacts; and (d) a comparison of FEA with simulated
impact for application in sports equipment as reported by Shepherd et al., 2020.

5. Conclusions, Additional Considerations and Future Directions

This work demonstrated how FEA gradually became an essential tool in developing
and understanding the mechanical properties of 2D and 3D auxetic cellular solids, such
as honeycomb structures, as well as other auxetic materials, metamaterials and structures.
This was only possible through advances in computational sciences. More specifically,
FEA is particularly valuable in understanding auxetic behaviour, enabling the precise
identification of stresses and strains within materials and metamaterials when loaded,
which may not be easily demonstrated through experiments [292]. It is also especially
beneficial to simulate characteristics which can only be tested using expensive equipment.

With time, FEA was used to simulate more real and complex scenarios required for
end-product design. Some key studies attempted to optimise the geometry of auxetics
to elicit superior properties. Thus, FEA was used to optimise the shape of novel aux-
etic structures and to determine their mechanical properties prior to prototyping and
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experimental testing. Since the early years of auxetics, FEA emerged as a fundamental
research tool for quick and reliable analysis during the design stage, reducing the need
for physical prototyping, thereby accelerating advances in the field. Further advances
are still needed, particularly in niche scenarios such as the exploration of new material
compositions, granular materials [293], or hybrid auxetic structures combining different
mechanisms of auxeticity. Such investigations could further optimize the existing proper-
ties of auxetic materials and even uncover new potential applications. Moreover, while FEA
provides valuable insights into the mechanical behaviour of auxetic materials, it would be
beneficial to extend the analysis to more specific and realistic application scenarios. This
includes exploring variable environmental conditions, such as temperature or pressure
variations, as well as exposure to UV, moisture, chemicals, biological species (e.g., mould),
etc. to assess the reliability and durability of auxetic materials under real operational
conditions.

Like any other experimental or simulation method, FEA has its strengths and limita-
tions, and properly appreciating these limitations ensures that any results obtained are not
artefacts of the simulation. One of its limitations is its relative complexity. When consider-
ing model building and inputting, the accuracy of the simulation results depend on how the
system is entered into the FEA package. Structures are modelled as a continuum and, there-
fore, it is not possible to accurately model molecular systems. Even for substructures which
can be treated as a continuum (for example, in metamaterials and high resolution additively
manufactured cellular structures), the structures can still be so small that the number of
elements and processing capacities outstrip “normal” computing capabilities. Furthermore,
to further validate the results of FEA simulations, it is recommended to integrate the work
with a greater amount of experimental data. This could involve advanced mechanical
testing to verify the response of auxetic materials under various loads and in different
environmental conditions. Integrating experimental data could help to better calibrate FEA
simulations and increase their accuracy. The validation of such FEM solutions requires
good sets of experimental data, but in this area, modelling and simulation are ahead of
the experimental base, and experiments might not always be possible/feasible. This is
particularly the case where non-linear, non-elastic, time-dependent and other dynamic
phenomena (for example, snap-through processes in folded structures) are being modelled.
Some other examples of complex systems which may be trivial to represent within an FEA
environment include highly parametrised models, which study the effect of geometric
parameters on properties (as is normally the case with modelling of auxetics); disordered
systems such as cellular foams (auxetic and non-auxetic), where a representative unit does
not exist and assumptions/simplifications need to be made; molecular-level systems where,
as discussed elsewhere [197], scalability issues become prominent as the molecular-level
interactions cannot be adequately represented through a mechanical model; and realistic
systems having some degree of imperfections due to the manufacturing process. To address
some of these limitations, it is necessary to construct more complex models than what
is currently in the literature, something which will increase the computational cost of
the simulations.

Another limitation of FEA is that the quality of the simulations typically relies on the
properties of the intrinsic materials. In some cases, these are not easy to define and the
material properties are unmeasured (as is the case with the simulations of systems made
from hypothetical auxetic materials, e.g., [13,93]) or are entered in an over simplified way,
such as by assuming that the material is behaving linearly, thereby mitigating against high
computational costs. Such assumptions may reduce the applicability and accuracy of the
simulated characteristics, which calls for further validation.

Two critical aspects in FEA are the boundary conditions applied (which in the case
of the modelling of auxetics, includes situations where one needs to apply full periodic
boundary conditions) and the manner in which loads/deformations are applied (uniaxial
stretching of auxetics is typically simulated by applying a fixed displacement on a boundary
to mimic the application of uniaxial strain, or by applying a force to mimic the application of
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stress). Moreover, successful finite element simulation requires many key factors to be taken
into consideration such as mesh size, mesh type and the constitutive relationship of the
matrix material. To ensure that these key aspects of the methodology are correctly applied,
it is essential to validate the protocol used, for example, by carrying out convergence testing
to ensure that the meshing is sufficiently fine, particularly in regions close to points of
impact, joints, regions of high-stress concentration, etc., yet not excessively fine to avoid
increasing computational requirements unnecessarily.

Future directions for the modelling of auxetic materials are likely to focus on several
key areas. There is a great need to better integrate atomic length-scale modelling and
microstructural modelling to bridge the gaps between the length scales and time scales.
While commercial FEA packages offer sophisticated pre- and post-processing capabilities,
molecular-level modelling remains challenging. There is also significant potential for
improvement in the modelling of non-linear, non-elastic, large strain, time-dependent
and other dynamic phenomena. A major challenge in this area is the lack of sufficiently
large sets of experimental data to validate such models. Establishing a free-to-use central
database could greatly facilitate progress in this regard. Current FEM also lacks significant
“predictive” capabilities, particularly in the development of radically new architectures.
It is anticipated that the integration of Al techniques combined with FEM approaches
could offer promising avenues for progress in this area. Finally, the field of metamaterials
is enabling the development of a much broader range of “anomalous” properties such
as a negative Poisson’s ratio, negative thermal expansion coefficients, negative stiffness,
negative mass, etc. These novel metamaterials have the potential to transcend traditional
thermodynamic constraints. They can interact both mechanically and electromagnetically
and have the ability to draw on external energy sources to drive their anomalous behaviour.
This lack of constraint effectively bypasses normal physical constraints at the “material”
level (although not at the “system” level). FEM and related methods will need considerable
development to cope with the complexities of these new scenarios.

On a final note, it is crucial to consider the environmental impact and sustainability in
the design and the application of auxetic materials. This could involve conducting a life
cycle analysis of auxetic materials, from production, to use, to disposal. Such analysis can
promote the development of materials that are not only technologically advanced but also
environmentally sustainable.
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Appendix A

Table Al. Examples of works on auxetics classified according to the software used.

Program Used 2D/3D References
ABAQUS 2D [17,55,58,64,65,111,112,138-140,142,143,155,184,185,209,216,219,220,222,266,269]

3D [56,60,62,63,66,92,107,109,110,113,127-129,134,137,144-146,149,151,152,187,188,190—

192,194,196,199,201,208,210,213,218,272,274,282,290,292]
ANSYS 2D [94,95,97,135,150,157-159,161-166,172,174,182,212,221]
3D [57,61,96,105,108,131,136,141,160,167,171,177,183,193,267,273]
Other 2F [59,130,170,173,176,186,211,214,215,270]
3D [18,132,133,153,154,189,202,207,265,268,275,276,288,289]

Table A2. Examples of works on auxetics classified according to the characteristic studied.

Property Studied 2D/3D References

[58,64,65,94,95,97,111,130,135,138-140,142,143,150,155,157-159,161—

Auxeticity and stiffness 2D 165,170,172-174,176,182,184,185,266]

[56,57,60,62,63,66,92,108,110,113,128,129,131,134,136,137,141,145,149,160,

3D 171,177,183,187,189-194,196,199,201,274,275,292]
Energy absorption and indentation, 2D [17,112,209,211,212,214,215,219-222]
impact and blast resistance
3D [18,57,61,63,92,107,109,127,132,133,144,151—
154,188,194,202,204,205,207,208,210,213,218,273,276,282,288-290]
Other 2D [166,269,270]
3D [265,267,268,272]
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Abstract: Steel automotive wheel rims are subject to wear and tear, down to the end of their service life.
Manufacturers use standard destructive tests to determine the probable lifetime of the car wheel rim.
With this approach, to predict the remaining use time, it is necessary to know the initial parameters
of the wheel rim, actual mileage, and its use characteristics, which is difficult information to obtain in
the real world. Moreover, this work shows that a vehicle’s technical condition can affect the rim’s
remaining service time. This work describes a new method of precise binary identification of the
technical condition of steel car wheel rims using the dispersion of damping factors which result from
experimental modal analysis. This work also proposes a new method of indicating the approaching
end of wheel rim service life with limited parameters: run-out, average of damping factors, and
dispersion of damping factors. The proposed procedure requires two sequential examinations of
the rim in standard periods related to the average annual mileage of the vehicle. On this basis, it is
possible to indicate the approaching end of the life of the steel rims about 10,000 km in advance.

Keywords: steel; wheel rim; technical condition; data fusion; dispersion of damping factors
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1. Introduction

The wheel is an essential part of the vehicle. It can be made as a monolithic structure,
such as a train wheel [1], or a hybrid construction, such as an automotive wheel, which
consists of a tire and a rim [2]. The automotive wheel rim allows the tire to be fixed
to the rim and the wheel to the hub. Automotive wheel rims can be made in different
configurations [3]. A simple classification of automotive wheel rims includes single-piece
and multi-piece types. The single-piece constructions can be realized as a cast from a mold
or machined from solid material. The standard design of the multi-piece wheel rim includes
the use of different materials, such as various types of steels, aluminum and magnesium
alloys, and glass or carbon fiber components used for metal reinforcement [4]. As the
density of steel is almost 2.5 times that of aluminum, automotive wheel rims made of these

materials behave differently in use.

A view of a steel automotive wheel rim with a glossary is presented in Figure 1. The
wheel rim is not an ideal axis-symmetric structure. Axial symmetry is disturbed by the
ventilation holes, bolt holes, and valve seat. The number of bolt holes and their shape
can differ depending on the automotive manufacturer. The bolt hole can be conically or

cylindrically shaped.
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Figure 1. View of a steel automotive wheel rim: (a) Outer view; (b) Inner view.

Due to the complex geometry of the structure, the investigation and optimization of
automotive wheel rims’ construction are currently conducted by computer-aided simula-
tions using finite element method (FEM). There are two basic types of FEM used in wheel
rim simulations that result in a determination of responses for forced vibrations and loads.

The vibration analysis results obtained from FEM are displacement, velocity, and
acceleration of nodes in a time function. Vibration data can be analyzed in the frequency or
the time domain. In contrast, modal analysis is a process of obtaining modal parameters
such as natural frequencies, damping loss factors, and modal constants from the vibration
data. Natural frequencies are mainly related to object shape, dimensions, and material [5].
The modes of complex geometrical objects are numbered according to the increasing
resonant frequency of vibrations [6].

The damping factor of a mechanical object depends on three main effects: the internal
friction of the material, the acoustic radiation of the system, and the energy loss caused
by boundary connections of the system [7]. Generally, the component of internal friction
of material dominates over other factors [8]. In the macroscopic scale, the damping loss
factor increases when Young’s modulus decreases. However, when the object is not
symmetrical, the damping factor is characterized by a set of values [9]. Thus, in a precise
analysis of complex structures, the damping factors are not always characterized by a
monotonic course [10]. The 30% damping factor dispersion and some dispersion of the
natural frequency can be measured in specified short-term situations of mechanical objects.
However, in standard cases, the damping loss factor increases with the accumulated fatigue
of the system and knowing the start and end values, the trajectory of the damping factor
can be used to predict the time to failure of mechanical objects [5].

The mechanically forced fatigue of an object can be followed by self-healing when
the object is not operated. The short-time healing state of the mechanical properties of the
object may be associated with the presence of local maxima of the damping factor that are
followed by an increase in the resonant frequency [11]. The long-term result of the healing
of mechanical objects is commonly related to a decrease in damping factor and stabilization
of natural frequency. While the precise interpretation of the experimental results of the
modal analysis is not trivial, a system’s damping factors depict the mechanical object’s
structural integrity, and modal analysis can be essential to characterize the wheel rim’s
actual technical condition.

The loading analysis of automotive wheel rims performed with FEM enables the
calculation of forced total deformation, equivalent stress, and equivalent strain [12]. Ob-
tained mechanical properties are fundamental for correctly assessing the lifespan of the
wheel rim for the loaded car in a stable position and in motion [13]. After simulations,
automotive wheel rim investigation includes performing some destructive tests [14]. For
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example, experimental axial or radial axle load of the rim is performed using dedicated
equipment that consists of a controlled actuator and a deformation measuring system [15].
The standard investigation of the wheel rim involves a rolling test, cornering test, and
radial fatigue test [16]. Deformations obtained from the tests can be recorded via an optical
3D measuring system [17].

In all constructions, the technical condition of a component relates to its initial state
and wear state [18]. Producers may examine the initial state of the steel automotive wheel
rim using measurement equipment for the dimensional control of rim and disc, unbalanced
measurement, air tightness test oriented to search for cracks, and the rolling test for pointing
resistance for radial fatigue [19]. During regular operation, the wheel rim is exposed to
standard wear related to its operation conditions, periodic tire changes, wheel balancing,
accidental direct impacts, and impacts transmitted by the tire.

The degradation of the automotive wheel rim in natural conditions is correlated with
the load and the vehicle’s speed and type of route, whether a highway or an urban artery.
Monitoring the vehicle’s course in the city is not trivial [20]. Camera observation allows
for the estimation of vehicle acceleration and lane-changing dynamics only at the place of
observation [21]. Approximate results indicate that cars move on motorways mainly on
almost straight sections, and the change in direction is associated with lane changes and
lasts about a few seconds, while the average number of lane changes is up to a dozen or
so per hour [22,23]. The ratio of time of vehicle motion on a curve to linear motion can be
estimated by analyzing a typical one-hour drive, where a quick lane change takes about 4 s.
On the motorways, the driver swiftly changes lanes about ten times per hour. Thus, the
ratio can be estimated for motorways as 0.01. The number of quick lane changes in the city
is around 100 times per hour. Therefore, the ratio should be increased to 0.1. Therefore, the
average curvature to linear movement ratio can be estimated as 0.055. According to the
physics of circular motion, higher forces act on automotive rims in a quick lane change than
in a slow change. Hence, simulators of accelerated rim wear use forced wheel movement
along a circular trajectory or the radial fatigue test to simulate the dynamics of the wheel
during cornering [24]. The expected results of these tests are the internal stress of the
rim [25].

Internal stress can lead to the first visual sign of wheel rim wearing: finish layer
peeling [26]. On the other hand, when the finish layer of the wheel rim is cracked, the metal
construction begins to erode in some road conditions with a speed of 0.1 mm/year [27].
Loss of material due to corrosion is an issue in the area where the wheel rim itself mates
to the hub and under the nuts securing the wheel to the hub [28,29]. Standard procedures
of wheel care, including regular tire change and wheel balancing, require wheel removal
from the hub and wheel mounting on the hub [30]. This process requires tightening wheel
locking nuts with a defined torque, which can result in degrading the areas under the
nuts and sides of corresponding holes [31]. The result can be the plastic deformation of
bolts, nuts, and the area under them [32], and further missing nuts, which can have severe
implications [33].

Accidental situations of wheel rim degradation most often occur due to hitting straight-
on potholes, curbs, or other obstacles on the road, or side collisions with the curb [34].
Possible results are visible and internal cracks in the metal, bent inner or outer flanges,
and deep marks on the surface [35]. In most cases, the leading cause of severe damage is
driver negligence and underinflated tires [36]. However, when the wheel rim is worn and
overloaded, the probability of a critical break due to an impact increases [37].

The last stage of rim degradation is its complete uselessness or destruction. Destruc-
tion of the wheel rim can be defined as visible signs of deformation and damage to the
material structure [38]. Thus, the binary classification of rim technical condition as fit
to use or damaged was proposed. The technical condition of the automotive rim can be
examined using non-destructive vibration analysis performed in laboratory conditions [39].
Suggestions to improve the analysis include modifying the measuring system using a
wheel balancer to a rim condition measurement system that supports run-out and vibration
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modes at four rim points and recording them in a dedicated database. These data are
subject to further processing with an artificial neural network (ANN) [40]. In the indicated
paper, the ANN was trained with a set of data obtained for new and used rims. The raw
vibration data were obtained for vibration excitation at four points on each rim. The raw
data were reduced to pattern form for the ANN training process and implementation task.
Different types of data patterns were investigated. The analysis shows that automotive
wheel rim fit for use can be characterized by a set of actual and reference parameters of
experimental modal analysis, including the dispersion of excited natural frequencies and
their amplitudes. However, a significant disadvantage of this system was the requirement
of absolute values of amplitudes of vibration measurements at an exact time. Therefore,
a precise mechanism of vibration excitation, its calibration, and synchronization with the
data acquisition system were important.

The field tests of automotive rims are possible only for complete wheels and require
constructing an attached device whose main component is a dedicated vibration-sensing
device. The examination results show that the frequency spectrum of wheel fit for use is
below 5 Hz. At the same time, precise results indicate that the vibration signal is expected
between 0 and 1.65 Hz with a main peak around 0.1 Hz [41]. A similar set-up based on an
integrated acceleration measurement system and ANN signal processing may be used to
detect the bolts” loosening securing the rim to the hub [42].

The long-term wear of rims is today mainly analyzed for wheels of high-speed
trains [43]. The analysis shows that the dominant fatigue process of steel train wheel
rims is micro-damage evolution under off-axis fatigue [44]. In the study of the predic-
tion of railway wheel service life, difficulties related to the availability of samples with
a known type of degradation and wear state were indicated, as well as the necessity of
the precise definition of their wear examination intervals [45]. It has also been shown that
the prediction of the remaining useful life of the railway wheel, based on small samples,
leads to significant discrepancies in theoretical and real results [46]. Based on the above
premises, it has been proven that generating examples of railway wheels that comply with
the standard degradation distribution is an essential step in predicting the lifetime of any
railway wheel [47]. So far, deterministic procedures for predicting a railway or automotive
wheel’s remaining life are unknown.

In most cases, car owners and vehicle inspection station employees determine an
automotive wheel’s technical condition based on its visual inspection and the soapy water
test oriented to the detection of air leaks [48]. The check should also concern the inside
section of the rim and the sides that are in contact with a dual wheel case [49]. Some-
times, visual inspection is followed by examining the wheel rim geometry, a standard
approach to assessing the technical condition of an automotive wheel rim. Axial and radial
run-out values of the rim on the inner and outer sides of the rim flange relative to the
centering hole must be lower than {2.0 mm; 1.2 mm} according to the ETRTO standard [50].
Other standards exist as country regulations, such as Poland’s PN-93S standard {1.25 mm;
1.25 mm)} [51]. Excessive outer rim flange deformations with run-out values greater than
2.2 mm can be felt as vehicle user’s steering wheel vibrations [13]. The wear examination
intervals relate to seasonal tire replacements or annual vehicle technical inspections. It can
be concluded that even though the current recommendations vary, and the test methods
are not consistent, wheel owners need non-destructive testing to indicate the technical
condition and remaining life of the automotive wheel rim or at least to point to the moment
in time when the rim must be changed [52].

2. Methodology of Examinations and Following the Structure of the Publication

The classic methodology of wheel rim examination used by manufacturers consists of
destructive tests, e.g., ISO 3006 [53], SAE J267 [54], or SAE J328 standards [19], to determine
the lifetime of the produced series. Thus, the maximum expected distance to drive in
standard conditions is known. However, the situation on the roads is not really known
and the actual technical condition of the rim is not a linear function of distance traveled.
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To predict the remaining distance of use of the rim, the distance that was traveled and
the characteristics of previous use of the wheel rim must be known. The characteristics
of prior use are often unknown. Thus, much information in automobile blogs points to
the lifetime of car wheel rims from 4 years up towards almost infinity [55]. Since steel is
the most common material used in automotive rims, the proposed study is limited to rims
made of this material. A rim made of aluminum-magnesium alloy has a longer lifetime
than a steel rim [56].

In this work, a comparison of the results of destructive tests with non-destructive
measurements of steel car wheel rims is provided. The investigation considered cyclic
destructive fatigue tests separated by non-destructive classical visual inspection, rim run-
out measurements, and the application of experimental modal analysis. The presented
examinations were limited to the widely used sizes of steel rims in passenger cars and
trolleys of two diameters: 14 and 15 inches. The automobile industry does not define
matching rules between wheel hub construction and car types [57]. Therefore, 15-inch steel
automotive rims of type 6Jx15H2 used in popular cars and 14-inch rims of type 51/2]x14H2
often mounted in small vehicles and trailers were investigated. The rim type 6Jx15H2 can
be described as a 15-inch rim with a 6-inch-wide barrel, see Figure 1.

The selection of rims for examination was limited to the so-called “second assembly”
type. This was due to the regulations that mandatory tests apply only to wheel rims marked
as original that are mounted and sold with a new vehicle [58]. New automobile wheel
rims commercially available at the original equipment manufacturer, despite showing
the same markings, often differ from those that are mounted on vehicles at the factory.
Rims under investigation were second assembly type and were made by an original
equipment manufacturer (OEM), an acceptable replacement manufacturer (ARM), or a
low-cost manufacturer (LCM). The examinations of steel automotive rims of new or used
conditions with the characterized initial conditions according to standards are presented in
Table 1.

Table 1. Rim types under examination with initial run-out characterization.

Manlll{flar:c‘turer Rim Type CaIt{el:;l:)ry ETRTO PN-93S FlI: E;;(iuzt ::lm Examination in Section-Type of Study

OEM 6]x15H2 new met not met met 6.1—sequential

ARM 6]x15H2 new not met not met met 6.2—sequential and then continuous
ARM 6]x15H2 new met met met 6.3—rusted hub

LCM * 6]x15H2 new met met met 6.4—sequential

OEM 6]x15H2 used met not met met 6.5—sequential

OEM 6]x15H2 new met met met 6.6—artificial fatigue cracks
OEM 51/2Jx14H2 used met not met met 7.2—field testing

* The second rim of this manufacturer, despite being new, was not in acceptable technical condition to be tested as
the run-out on the outer flange was over 2.2 mm and because of other issues.

The run-out examinations were performed using eddy current sensors type CW10
coupled to NI card type USB 6343, which was part of the measurement system for ex-
perimental modal analysis. The initial run-out examination showed that the rims of the
second assembly met the European ETRTO standards when examined in factory conditions.
However, parameters of rims from ARM sometimes did not meet the standards but the
run-out values on any flanges were below 2 mm. In contrast, the rim of the LCM’s initial
parameters could surprise both positively and negatively.

These rims were examined with experimental modal analysis (EMA) and run-out
methods, while fatigue tests of the rims were conducted in laboratory or as on-field tests.
The methodology of examination corresponded to the sections of this publication as follows:

e  The initial numerical modal analysis of the rims necessary for defining the acquisition
system parameters used for EMA is presented in Section 3;

e  The construction of a measurement system for EMA based on an exciter with repeat-
able parameters and assumed precision of acquisition data is presented in Section 4;
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e  The construction of a fatigue station aimed at performing an adapted cornering fatigue
test is depicted in Section 5;

e A series of examinations of rims with the use of a fatigue station and EMA set-up
based on step-by-step sequential fatigue procedure with initial and sequential rim
state characterization with EMA and run-out methods are depicted in Section 6;

The discussion of laboratory test results and on-field testing are presented in Section 7;
The conclusions are given in Section 8.

3. Initial Numerical Modal Analysis—Materials and Constructions

The modal analysis was selected to determine the initial investigations. However, the use
of a primary function that describes normal modes of automotive rim components, coupled
with linear vibration theory and linear superposition, seems to not be recommended [59].
Therefore, the SOLIDWORKS software (Simulation Premium 5.0 or SP5.0) has been used
to provide a comprehensive set of structural and finite element analyses and to analyze the
natural frequency of the object, which was modeled using a solid mesh. Five eigenfrequencies
were searched using the FFEPlus solver (Intel Sparse, https:/ /help.solidworks.com /2019
/english/SolidWorks/cworks/c_Analysis_Solvers.htm, (accessed on 14 November 2023).

Numerical mode analysis was conducted for rim type 6]x15H2; see Figure 1. A solid
mesh generated for mixed curvature was used to model the rim geometry. The maximum
mesh element size of 1.76098 mm and the minimum element size of 0.352197 mm were
indicated. The mesh generator created a mesh of 1,882,950 elements and 3,082,794 nodes.
The maximum aspect ratio of an element was 9.6918. Carbon steel (SS) type 1023 sheet was
assumed as the rim model material. The structure type of the model was defined as linear
elastic and isotropic. The material parameters were given as: specific mass: 7.858 kg/m3,
yield strength: 2.82685 x 10% N/m?, tensile strength: 4.25 x 10 N/m?, longitudinal
elasticity coefficient: 2.05 x 101! N/m?, Poisson’s ratio: 0.29. In the simulation model, the
stationary area was the hub contact area.

The results of the simulation of the ideal-shape rim are presented in Figure 2. The
simulation analysis of the excited modes indicates that the fundamental modes occur
in pairs having slightly different resonance frequencies. The mentioned difference for
modes 1 and 2 is 0.65 Hz, and for modes 3 and 4, it is 0.21 Hz. Notably, greater am-
plitudes of vibration characterize modes 3 and 4 more than modes 1 and 2. Therefore,
modes 3 and 4 are more likely to be excited than 1 and 2. The lowest amplitude of vibra-
tion characterizes mode 5. Similar modes can produce differences and sum frequency
components in use. It is essential because the results of frequency difference are always
at the low-frequency band.

The intentionally degraded rim was simulated to show the low bandwidth of the
EMA. The degradation was a 15 mm diameter hole in the rim barrel positioned in the
barrel’s inner, center, and outer sections. Selected results of the simulation of modes 3 and
4 are presented in Figure 3. The obtained results show that the natural frequency of modes
3 and 4 is similar in all cases, but when comparing Figures 2 and 3, the values of natural
frequencies difference between modes are more remarkable in the rim-degraded case than
in the ideal case.

A severely damaged rim can also be described as a rim with a broken-out part of the
inner flange. This fact can be simulated with the use of two holes with a diameter equal
to 15 mm, as assumed in the previous analysis. Such damage is easily overlooked during
inspections. In addition, due to its size, such damage leads to air escaping from the tire.
The simulation results of a rim with such damage are shown in Figure 4.
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Figure 2. Set of simulation results in natural frequencies of the rim in the ideal shape: (a) Vibration
mode 1; (b) Vibration mode 2; (¢) Vibration mode 3; (d) Vibration mode 4; (e) Vibration mode 5;
(f) Geometrical model visualization.
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Figure 3. Simulation results of modes 3 and 4 of the rim-degraded situation with the hole positioned
in the barrels: (a) Hole in inner section, mode 3; (b) Hole in inner section, mode 4; (c) Hole in center
section, mode 3; (d) Hole in center section, mode 4; (e) Hole in outer section, mode 3; (f) Hole in outer
section, mode 4.
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Figure 4. Simulation results of a severely damaged wheel rim: (a) Hole in inner flange, vibration
mode 3; (b) Hole in the inner flange, vibration mode 4.

The summary of the obtained results is presented in Table 2. As can be seen, the direct
analysis of the amplitudes and frequencies of the excited modes for individual cases does
not show regular dependency damage to amplitude tendency. On the other hand, studying
the variability of the maximum amplitudes and frequencies of the excited modes indicates
the possibility of detecting rim damage. As the frequency difference signal is cast in a low
band, the presence of a signal in the low band can be used as an indicator of rim damage.
Thus, the experimental modal analysis set-up should be characterized by the possibility of
measurement in the low band of frequency signals in the range of from 0 to 12 Hz with at
least 0.1 Hz resolution of frequency examination. According to the simulation results (see
Table 2), measuring modal parameters as the variability of maximum amplitudes is much
more complex than the variability of natural frequencies of excited modes.

Table 2. Summary of results presented in Figures 2—4.

Maximum Variability of Natural Variability of
Case Mode Number Amplitude of Maximum Frequency [Hz] Natural
Vibration [mm] Amplitudes [mm] 1 y Frequencies [Hz]

. 3 0.8353 209.35

Ideal rim 4 0.8358 0.0005 20956 0.21
Inner hole in the 3 0.8339 209.98

barrel 4 0.8289 0.0050 210,58 040
Center hole in the 3 0.8329 209.29

barrel 4 0.8311 0.0018 209.80 051
Outer hole in the 3 0.8347 208.96

barrel 4 0.8366 0.0019 209.48 048
Broken part of the 3 1.1140 197.19

flange 4 0.8322 0.2818 209.18 11.99

4. Measurement System for Experimental Modal Analysis (EMA) and Run-Out of Rim

The measurement of experimental modal analysis based on monitored vibration
excitation of the rim is presented in Figure 5. The view of the mechanical part of the
measurement system for EMA is presented in Figure 6.
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Figure 5. Scheme of the mechanical components of the measurement system used for experimental
modal analysis.

Figure 6. View of the mechanical part of the measurement system for EMA with vibration excitation
points (EP) marked.

The steel automotive wheel rim is positioned on the hub shaft and fixed by gravity
on the hub. The vibration inductor is a roofing hammer of a mass of 425 g that is lifted
before the excitation of vibrations to the height of H = 26 cm. In such conditions, the impact
energy is 1.08 J.

The vibration sensor consists of the ICP accelerometer head model 625B01 attached to
the profiled magnetic bed with a mounting screw. The head is characterized by a £50 g
measurement range, 100 mV /g sensitivity, and linear (£3 dB) frequency measurement
range from 0.2 to 10,500 Hz. The interface between the head and computer is the NI
USB 6343 acquisition card from National Instruments. Due to the limitation of the linear
bandwidth for low frequencies, a calibration curve for the sensor was developed for
operation in the range of 0.02-10 Hz. Acquired signals of amplitude versus time are used to
determine logarithmic decrements of damped oscillations as well as to calculate frequency
responses with the use of Fast Fourier Transformation (FFT). The logarithmic decrements
are used further to calculate the damping factors. These calculations are performed on a
personal computer in the LabView software (Version 2021).

Shaft rotation was measured with an encoder with a resolution of 1.40°. Vibrations
were induced sequentially for four excitation points, defined by angles of wheel shaft
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rotation of 0, 90, 180, and 270 degrees. The 0-degree position was determined by the valve
hole located on the excitation axis.

Example results of spectra investigation with the resolution of 0.02 Hz, using the
proposed set-up and the string method for an ideal rim, are presented in Figure 7. The
string method was called here the measurement of vibrations of a hanging rim, which
was positioned on the hub and shaft to which the string was attached. The mentioned
string was attached to the ceiling on the other side. The expected mathematical model
maximum value does not characterize the constant component (at frequency 0 Hz) due
to head coupling with the use of a capacitor to the acquisition card. In the analyzed case,
the dominant frequency peak measured in the EMA set-up is 192.60 Hz, and for the string
method is 193.3 Hz. The difference is most likely due to the influence of the bearing,
which was not present on the shaft in the string method. Additionally, both values are
lower than the initial simulations. The differences in natural frequencies of simulation
and measurement come from the measurement of the wheel rim coupled with mounting
accessories and simulation of only the wheel rim.

— string method — EMA set-up

0.054 2.54

0.04 1 21
3 El
8.0.03 8.1.54
g noise level 2
2 0.024| in0-6Hz band of: 2 N
CEl . string method g
®© EMA set-up ©

0.01 el oo 0.5

0 [ T T - T T 1 O T T T T
0 2 4 6 8 10 191.5 192 192.5 193 193.5
frequency [Hz] frequency [Hz]

(a) (b)

Figure 7. Ideal OEM rim examination with EMA set-up and using the string method: (a) Low band;
(b) Natural frequency band.

In the 0-6 Hz band, the noise level for the string method is 4.5 times greater than for
the one obtained from the EMA set-up. Thus, the EMA set-up was used for examinations of
typical degraded automotive wheel rims. Moreover, based on measurement characteristics
obtained with the acquisition system, for the mentioned vibration excitation points, the
damping ratios on natural frequencies are calculated using logarithmic decrement of
amplitudes [60].

The results obtained in ten series of measurements of the natural frequency and
damping factor sets for four excitation points of the wheel rim from OEM, which is in
factory condition, are similar but not identical. The excited frequencies differ maximally
by 0.09 Hz. Thus, the low band result of such frequencies mixing can be masked in the
measurement set-up by the actual constant component of Fourier transformation. Relating
this difference to the resonant frequency gives a relative dispersion of 0.05%. In contrast,
the dispersion of the damping factor is 11.4%.

Therefore, in the proposed EMA set-up, besides the average values of natural fre-
quencies (aNF) and the average of damping factors (aDF) for the set of excitation points,
the difference in natural frequencies (AFN) and dispersion of damping factors (dDF), and
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presence of a signal in the low band are results of measurements. The difference in natural
frequencies is calculated according to the equation:

AFN = max(FN) — min(FN), 1)

where FN is the set of natural frequencies obtained for the set of excitation points (EP),
while max(x) and min(x) are standard mathematical functions. The dispersion of damping
factors is calculated with the equation:

max(DF) — min(DF)

dDF = avg(DF) ’

@

where DF is the set of damping factors obtained for the set of excitation points (EP), and
avg(x) is the standard mathematical function for calculating the average value of the set.

5. Fatigue Station

The dynamic wheel cornering fatigue test is one of the most significant tests to deter-
mine the usability expectation for newly manufactured automotive wheel rims. This test
can be implemented with a rotating table configuration or as the rotating bending test [61].
The rotating bending test allows for the evaluation of the resistance of the automotive
wheel rim to a bending moment achieved via an arm equipped with a rotating unbalanced
mass. This mass is called eccentric or dead mass and is mounted on the load cell [62]. A
strain developed at the rim due to the moment applied at the mounting pad may differ
from case to case as 13%, while the moment applied to the mounting pad and disc results
in a strain difference of 2% [63]. Thus, for precise examinations, the moment should be
applied at the mounting pad and disc [64].

In our examination, we do not intend to follow standards of test implementation
directly. The aim of the fatigue station we have built is to perform the accelerated fatigue
of steel automotive wheel rims in conditions like the natural exploitation of standard cars.
As a standard car, we assume 1500 kg of mass on four wheels based on 15-inch rims. We
take that standard turns are made on a circle with a radius of 20 m, with a linear speed of
20 km/h, and the wheels do not skid. For such assumptions and basic estimations, the
bending torque acting on the rim is 214 Nm. We also assume that the fatigue station should
provide 60 percent of the designated load and run continuously. The proposed value is
between what the UN ECE Regulation R124 recommends for replacement wheels, Annex 6,
where two independent examinations at 50% and 75% of maximum side force were defined.
The fatigue station simplified scheme and its view are presented in Figure 8. During the
experiments, the fatigue station was attached to a massive base that weighed 5 tons. The
fatigue station of the wheel rim is characterized by the following parameters: moment
arm length of 110 cm, eccentric mass of 3 kg, eccentricity of 25 cm, and rotation speed
of 450 revolutions per minute. Thus, the bending torque is 129 Nm, which is 60% of the
assumed standard cornering of a typical car.

Based on the speed of the standard vehicle movement, a relationship between the
duration of the fatigue test and the expected mileage of the vehicle can be estimated. The
expected mileage for the test of the assumed vehicle, for a 15-inch wheel rim equipped with
a standard tire, 0.055 the average ratio of curvature to linear movement, 450 revolutions
per minute, is 1200 km per hour of test. Most used rim testing can be completed twice a
year, during tire changes for heavily used vehicles and at the annual examination when all-
season tires are in use. Heavy car use during the year in Germany equates to approximately
19,000 km, while the average annual mileage of cars in the European Union can be estimated
as 11,000 km [65], where all-season tires are in use. This timestamp of rim examination can
be related to 9500 km up to 11,000 km. In our case, we assumed that 8 h of duration of the
fatigue test corresponded to 9600 km of expected mileage in mixed traffic conditions.
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Figure 8. Mechanical functions of the fatigue station: (a) Schematic drawing; (b) View.

The fatigue station was equipped with an eddy current distance sensor model
CW10 cooperating via the OP200 interface with the input of an acquisition card NI USB
6343 used by the EMA measurement system. A distance sensor was used to monitor the
deflection of the torque arm with 2% accuracy. This distance during the rotation of the
eccentric mass is correlated with the deflection of the rim disc. In turn, this deflection is
related to the material parameters of the wheel. According to the ISO 3006 standard, the
rim disc deflection must not increase by more than 20% during the 50,000 eccentric mass
rotations test. Exceeding this condition with properly tightened bolts means exceeding
the permissible fatigue of the material and is the signal for fatigue procedure termination.
Thus, in the fatigue test, it is also essential to maintain the pressure of the bolts. The
bolts must be pre-tightened to a torque of 120 Nm and the torque of the screw during
the experiment should be between 96 Nm and 120 Nm. The range was tested after
10,000 rotations of eccentric mass, 22 min after the start of the first step of the fatigue
procedure. For this purpose, two Jonnesway type T27340N torque wrenches calibrated
in accordance with the PN-ISO 6789 standard [66] were used. The first torque wrench
was set to 120 Nm, while the second to 96 Nm. The second wrench was used to test the
lowest value of the moment. In all the recorded experiments, that value was not crossed.
Crossing this value automatically ended the fatigue experiment. However, sometimes
the bolts became acceptably loose and had to be tightened with the first wrench with a
torque of 120 Nm.

6. Experimental Laboratory Results

This section presents detailed data of laboratory examinations based on a single fatigue
cycle shown in Figure 9. The fatigue planned unit duration is related to the expected mileage
in mixed traffic conditions. The complete cycle of laboratory experimental investigations
includes a series of tests consisting of EMA, run-out measurements, and a single fatigue
cycle. The process of laboratory investigations continues until one of the end conditions of
the test is met.
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single fatigue cycle
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Figure 9. The scheme of a single fatigue cycle.

6.1. New Rim Type 6Jx15H2 from OEM Examinations with the Sequential Use of the
Fatigue Station

The rim in the OEM new factory condition was examined using the fatigue station

and the EMA and run-out measurement system. The duration of a single fatigue cycle was
8 h. The axial and radial run-out values of the rim on the inner and outer sides of the flange
are presented in Figure 10. The condition for the end of the test was met in 40 h, as the
increase in moment arm oscillations increased above 20%. The obtained results of run-out
values show that after 32 h of testing, the rim lost tolerance of dimensions.
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Figure 10. The axial and radial run-out values and increase in moment arm oscillations of the new
rim from OEM in a fatigue test.
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The average values and differences in natural frequencies are presented in Figure 11.
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Figure 11. Average values and differences in natural frequencies of the rim of OEM in a standard
fatigue test.

In the experiment, the average value of natural frequencies decreased, while the differ-

ence in natural frequencies can be characterized by decreased tendency. It can be postulated
that the fatigue station performs a peculiar mechanical process related to rim running-in.
The average values and dispersion of damping factors are presented in Figure 12.

102



Materials 2024, 17, 475

0.0020 [

= 30T
14 125 S
je} o
< 00015} 8
s 120 o
=) £
£ 8 - . xX - - g
2 oo0010F I -1 {15 E
o - T ko]
b — i & 110%

o c
o 0.0005 )
jo)] 0
I 15 &
[ Q.
> @2
® 0.0000 . . . 0 T

0 10 20 30 40 g

test duration [h]

Figure 12. Average values and dispersion of damping factors of the rim from OEM in a standard
fatigue test.

Results show that the average damping factor increases when the rim loses tolerance
of dimensions. In this case, the dispersion of damping factors increases, but with a delay. It
can also be seen that the local minimum dispersion of damping factors coincides with the
cycle in which the rim mounting bolts were tightened. However, it should be noted that
a significant increase in the dispersion of damping factors coincides with an increase in
moment arm oscillations above 20%.

6.2. New Rim Type 6Jx15H2 from ARM—Sequential Tests Followed by Continuous Tests until the
End of Fatigue Test Condition Is Met

The rim from ARM was examined in a factory-new condition. The axial and radial
run-out values of the rim on the inner and outer sides of the rim flange and the increase in
moment arm oscillations are presented in Figure 13. The same situation of tightening the
screws at the third fatigue cycle occurs for the new rims from OEM and ARM.
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Figure 13. The axial and radial run-out values and increase in moment arm oscillations of the new
rim from ARM.

Since the increase in moment arm oscillation after 32 h of fatigue is 20% and is
not greater than the acceptable moment arm vibration, successive fatigue cycles were
performed. The rim run-out that exceeds 2.5 mm occurs at 40 h of fatigue, while the highest
values of shape distortion occur for 48 h of test. The time of these distortions is between
the local maxima in moment arm oscillations. After 48 h, the following examination was
at 64 h; then, the fatigue test was run until the oscillation increase of the momentum arm
exceeded 20%, which occurred at 112 h. As can be seen, such an experiment does not
result in signal values that could be considered as directly preceding crossing the limits
of the permissible material fatigue. Interestingly, the run-out decreases with an increase
in oscillations of the moment arm up to 32%, much greater than the allowable 20%. A
similar situation occurred in a previous examination where the increase in momentum arm
oscillations above 20% occurred together with a local decrease of run-out values.

The average values and differences in natural frequencies are presented in Figure 14.
In this case, the average values and differences in natural frequencies initially decrease; this
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can be again related to mechanical running-in of the rim in initially new factory conditions.
Higher values of differences in natural frequencies than 0.075 Hz are linked with a rim that
does not meet run-out standards, see Figure 13.
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Figure 14. Average values and differences in natural frequencies of the new rim from ARM in an
extended fatigue test.

The average values and dispersion of damping factors are presented in Figure 15.
The results show that the average damping factor increases with the time of fatigue test
duration. The dispersion of damping factor initially decreases when the test duration
increases up to 16 h, then stabilizes and increases. The dispersion of damping factors
versus test duration is not a monotonic function. The same as in the previous study, the
maximum value of the dispersion of damping factors is related to the maximum increase
of oscillations of the moment arm.
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Figure 15. Average values and dispersion of damping factors of the new rim from ARM in an
extended fatigue test.

6.3. New Rim Type 6Jx15H2 of ARM, with a Rusty Hub—Examinations with the Use of the
Fatigue Station

The fatigue station for the dynamic wheel cornering fatigue test can also be used to
simulate different rim-hub contacts. The current trial used a slightly rusty hub to mount
the rim. The rim of the same ARM is examined as in Section 6.2. The axial and radial
run-out values of the rim on the inner and outer sides of the rim flange are presented
in Figure 16. Values indicate that the run-out norm was exceeded much earlier than in
Sections 6.1 and 6.2.

The increase in oscillation of the moment arm occurs at a time during the fatigue test
similar to the test described in Section 6.2. For the present test, it occurs after 48 h, whereas
previously, it occurred after 40 h and after 32 h. The average values and differences in
natural frequencies are presented in Figure 17.
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Figure 16. The axial and radial run-out and increase in moment arm oscillation values of the new
rim from ARM in the fatigue test with a rusty hub.
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Figure 17. Average values and differences in natural frequencies of the new rim from ARM in the
fatigue test with a rusty hub.

The course of the average natural frequency shows, as before (see Figure 10), a char-
acteristic decrease during the fatigue test. However, the course of difference in natural
frequencies is now characterized by greater values than presented in Figure 13, but it cannot
be related to mechanical running-in of the rim in the initially new factory condition. The
difference in natural frequencies is greater than 0.16 Hz at 8 h. This fact corresponds with
the substantial run-out in the outer flange of the rim, whose axial deviation is 2.5 mm.

The average values and dispersion of damping factors are presented in Figure 18.
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Figure 18. Average values and dispersion of damping factors of the new rim from ARM in the fatigue
test with a rusty hub.

Again, the results show that the average of the damping factor initially decreases
and then increases. Also, in this case, the dispersion of damping factors is highest when
the moment arm’s oscillations increase is maximal. Also, the maximum dispersion of the
damping factor is preceded by an increase in the average value of damping factors.

From the 40 h of test time, signs of degradation of the rim bolt holes and acoustic
clicking were observed. The degradation of the rim bolt holes after 40 h of test duration is
presented in Figure 19.
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Figure 19. Degradation of bolt holes after 40 h of the fatigue test with rusty hub use for the new rim

from ARM.

6.4. New Rims Type 6Jx15H2 of LCM

New rims of LCM sometimes seem to be a good selection from an economic point of
view. Thus, two new rims were used in examinations. The axial and radial run-out values
of the rim on the inner and outer sides of the flange are presented in Figure 20. During the
40 h of the fatigue test, the PN standard is completely met, while the ETRTO standard is
exceeded only for measurements after 8 and 24 h. These results are better than for the new

rim of ARM.
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Figure 20. The axial and radial run-out values of the first new rim of LCM in a fatigue test.

The average values and differences in natural frequencies of the first rim of LCM are
presented in Figure 21. The average of natural frequencies and the difference in natural
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Figure 21. Average values and differences in natural frequencies of the first new rim of LCM.

The average values and dispersion of damping factors of the first rim of LCM are
presented in Figure 22. The dispersion of damping factors’ maximum is again at the end of
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the test and corresponds with the time of maximum increase of moment arm oscillations.
The only issue that can be found in the first new rim of LCM is the high initial value of the
dispersion of damping factors. However, this value unexpectedly decreases during the
fatigue test.
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Figure 22. Average values and dispersion of damping factors of the first new rim of LCM in a

fatigue test.

The second rim of LCM was not so fine. Its run-out values do not fit with the ETRTO
and PN standards; its construction imperfections are visible in Figure 23. For reasons of
safety of the testing personnel, this wheel was not subjected to fatigue tests.

Figure 23. Views of imperfections of the second rim from LCM.

6.5. Used Rim from OEM That Meets the ETRTO Standard but Does Not Meet the
PN-93S Standard

The used rim from OEM with an initial condition meeting the ETRTO standard but
not meeting the PN-93S standard was examined. Based on visual inspection and run-
out measurements, it can be intuitively concluded that the tested rim is minimally worn.
However, as the exact wear characteristics of the rim before the tests were not known, the
fatigue cycle interval was reduced from 8 to 3 h. The increase of moment arm oscillations
and axial and radial run-out values of the rim on the inner and outer sides of the flange are
presented in Figure 24.
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Figure 24. The increase of moment arm oscillations and run-out values of the used rim of OEM in a
fatigue test.

The obtained results of the run-out indicate that after 6 h of the fatigue test, the rim
lost its dimensional tolerance, but its shape somehow regenerated. It can be noticed that
the used rim lost its dimensional tolerance much earlier than a new rim from the same
OEM (Figure 10 Section 6.1). The average values and differences in natural frequencies are
presented in Figure 25.
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Figure 25. Average values and differences in natural frequencies of the used rim of OEM in a standard
fatigue test with reduced time between EMA tests.

The EMA initial test results show that the difference in natural frequencies is more
significant than that obtained for the new rim of the same producer, which can be expected,
as the rim was used. Interestingly, the local maximum difference in natural frequencies at
6 h correlates with the maximum run-out. The average values and dispersion of damping
factors are presented in Figure 26.
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Figure 26. Average values and dispersion of damping factors of the used rim of OEM in the fa-
tigue test.

As in the previous examination, the average of damping factor values increased in
a non-monotonic way, while the dispersion of damping factors exceeded 17% sometime
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after the dimension degradation point. Also, the maximum dispersion of damping factors
is correlated with the maximum increase of moment arm oscillations.

6.6. New Rims Type 6]x15H2 of OEM—Examination of the Rim with Artificially
Generated Cracks

One of the typical places of rim cracks is located between the vent holes. Waiting
for such rim degradation to be produced by the fatigue station is problematic from the
experiment’s security point of view. However, artificially made cracks of the rim enable
a controlled investigation of parameters of the degraded rim. The artificial cracks were
realized by mechanical cutting along the red lines marked in Figure 27a. The effects are
shown in Figure 27b.

180

(a) Schematic drawing (b) View
Figure 27. Artificially formed cracks on the rim disc: (a) Schematic drawing; (b) View.

The cuttings resulted in a 4 Hz decrease in natural frequency while the damping factor
remained constant. Due to rim design modifications, the fatigue cycle interval was reduced
from 8 to 3 h. Axial and radial run-out values of the cut rim presented in Figure 28 are not
subject to serious rim quality suspicions.
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Figure 28. The increase in moment arm oscillations and run-out values of the new cut rim from OEM
in a fatigue test.

The end condition of the test occurred in 27 h, which is faster than for any other
new, undamaged rim. However, the run-out values, measured during the fatigue test
of the rim with artificially generated cracks, are much smaller than for unmodified rims.
The characteristics of natural frequencies during the fatigue test presented in Figure 29
appear normal.
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Figure 29. Average values and differences in natural frequencies of the cut rim of OEM in a standard
fatigue test.

Measured damping factors during fatigue experiments presented in Figure 30 are also
similar to the results obtained in previous sections.
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Figure 30. Average values and dispersion of damping factors of the cut rim of OEM in a fatigue test.

Again, most importantly, the maximum dispersion of the damping factor happens at
the same time as the maximum increase of moment arm oscillations.

7. Discussion of Results of Section 6

The discussion considers cyclic destructive fatigue tests separated by non-destructive
classical visual inspection, rim run-out tests, and the application of experimental modal
tests presented in Section 6, as well as the verification results included in this section. The
first result of the comparative studies presented in Sections 6.1 and 6.2 is that the cyclic use
of the fatigue station and the coupled wheel rim tests give much more information than
the continuous use of the fatigue station until the fatigue test end condition is reached.

The results of the cyclic investigations indicate several repetitive relationships. The
EMA shows that a downward trend characterizes the course of the natural frequency versus
fatigue test duration. However, regardless of which rim is tested, the first period of the
fatigue test causes the greatest decrease in frequency. Thus, the initial reduction in natural
frequencies can be interpreted as the fatigue station performing a peculiar mechanical
process on the tested rim. Moreover, the natural frequencies of rims with cracks can
differ significantly, for example, by 4 Hz (in Section 6.6-192.64 Hz). However, the direct
comparison of the real initial natural frequency of rims can be deceptive; for example,
a homogeneous rim from OEM natural frequency was 192.56 Hz (Section 6.1), while a
cracked rim from OEM was 192.64 Hz. Therefore, an analysis of the technical condition of
the wheel based on natural frequencies is only possible if its exact historical data is known.

Moreover, looking at the results of the measurement of natural frequency differences
determined by Formula (1) in Section 4 and relating them to the examination in the low band
of the new rim (Figure 7), one can point out that, in the proposed experimental set-up, the
result of natural frequencies mixing is masked by the constant component of experimental
FFT. The FFT width is about 0.4 Hz, while the difference in natural frequencies is lower
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than 0.2 Hz. However, based on the simulation and the results described in Section 7.2,
geometric damage to the rims greater than 2.5 mm should produce an unmasked signal
in a low band of mixing resonant modes. Therefore, the precise analysis of the technical
condition of the wheel based on the low band requires a more advanced measurement
system than the one presented in this publication.

Separate analysis of the rim run-out measurements obtained during the fatigue test can
lead to the conclusion that determining the technical condition of the wheel rim according
to run-out standards does not always make sense. The run-out values of the rim during the
experiment are usually variable. Rim run-out values typically initially meet the standard,
then may not meet it, or may be reduced and meet the standard again. It can be seen in
almost all experiments, for example, in Section 6.5 in Figure 24 and Section 6.4 in Figure 20.
In contrast, the averages of damping factors and dispersion of damping factors versus
fatigue test duration are characterized by an upward trend.

7.1. Precise Technical Conditions Determination of Wheel Rims with the Use of Data Fusion

The real task is to determine the technical condition of a wheel of unknown history
and any type using non-destructive testing. For this purpose, the data fusion of different
methods can be helpful. The first and most important relation to be observed in the
presented experiments is that the maximum increase in moment arm oscillations is related
to the maximum dispersion of damping factors. Such data fusion is shown in Table 3.

Table 3. Data fusion of maximum increase in moment arm oscillations and maximum of dispersion
of damping factors.

.. . . Maximum of Increase in Moment Maximum of Dispersion of
Examination Section Time of Test [h] Arm Oscillations [%] Damping Factgrs [%]
6.1 40 23.2 26.2
6.2 112 31.5 18.4
6.3 48 36.3 185
6.4 48 22.0 18.9
6.5 36 27.3 34.1

The first result of data fusion is that the minimum dispersion of damping factors,
corresponding to an unacceptable increase in moment arm oscillations, is 18.4%. To thresh-
old detection, the maximum value of the dispersion of damping factors that corresponds
to an acceptable increase in moment arm oscillations is required. This data fusion of the
cycle before the maximum increase in moment arm oscillations with the dispersion of
damping factors is presented in Table 4. The maximum acceptable value of the dispersion
of damping factors is 18.0%.

Table 4. Data fusion of cycle before maximum increase in moment arm oscillations with the dispersion
of damping factors.

o . . Maximum of Increase in Moment Maximum of Dispersion of
Examination Section Time of Test [h] Arm Oscillations [%] Damping Factors [%]

6.1 32 11.1 11.2

32 20.0% 9.4
6.2 66 10.7 17.8
6.3 40 9.7 10.1
6.4 40 12.7 17.1
6.5 33 18.2 18.0

* Local maximum of increase in moment arm oscillations.

As the dispersion of damping factors is determined with 0.1% tolerance, the threshold
between acceptable and not acceptable technical conditions of the rim can be set at 18.2%.
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7.2. Field Testing—Used Rims Type 51/2Jx14H2 of OEM

The actual task is to determine the technical condition of a wheel of unknown history
and any type using non-destructive testing. The examinations of the used 14-inch rim of
type 51/2Jx14H2 from OEM are presented here. One rim was used, and the other was
brand new. The initial state of those rims described with the run-out standards meets
the ETRTO standard but does not meet the PN-93S standard. The used rim parameters
are presented in Table 5. The initial visual condition of the used rim can be described as
acceptable, as there is no visible rust or cracks, and the air does not leak from the tire. In
such a state, the low band vibration excited of the rim is presented in Figure 31.

Table 5. Run-out values of the rim during the fatigue experiment in natural heavy conditions.

Run-Out [mm]

Examination Inner Flange Outer Flange Standard
Axial Radial Axial Radial PN-93S ETRTO
Initial (used rim) 1.65 1.02 0.64 0.57 not met met
After hitting the curb 4.35 2.75 4.52 2.5 not met not met

After six months

- 3.53 1.77 292 1.12 not met not met
of operation on forest roads
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Figure 31. Low band spectra of EMA of 51/2]x14H2 rim in an acceptable technical condition with a
visual and run-out examination at the beginning of the experiment.

However, the visual and run-out examination does not involve EMA and the value of
dispersion of damping factors, which in this case is 22.4%. Thus, according to the presented
investigation, this rim must be classified as unfit for use. However, an experimental
verification of this statement must be conducted. As experimental conditions, classic
cases of mechanical damage to the rim were assumed. Hitting the curb of a nominal load
vehicle with adequately inflated wheels and operation on partially paved forest roads with
numerous uplifts caused by the roots of old trees were tested. For safety reasons, as the
used rim was classified as unfit, this experiment was performed for a small trailer towed
by a passenger car with one used and one new rim.

The first examination was hitting the curb at 20 km/h. The second examination was a
six-month operation on partially paved forest roads with numerous uplifts caused by the
roots of old trees. During the first experiment, the damage of the used rim was significant,
as shown in the run-out values and the view presented in Figure 32, while nothing occurred
to the new rim.

The run-out values of the used rim during the experiment are presented in Table 5. It
is visible that the rim does not meet the run-out standards after hitting the curb. However,
interestingly, the wheel passed the soapy water test for rim-tire integrity. Therefore, further
operation was on non-public roads.
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Figure 32. View of rim: (a) After it hit a curb; (b) Further six months of operation on partially paved
forest roads.

The obtained results show that during operation in the conditions of forest roads,
the heavy degradation of the radial component of the geometrical dimension somehow
decreases. Differences in natural frequencies and the dispersion of damping factors of the
used rim are presented in Figure 33, which confirms this thesis. Still, all measured values
here are much higher than in previously submitted laboratory cases of rim degradation with
fatigue station use, as shown in Section 6.1, Section 6.2, Section 6.3, Sections 6.4 and 6.5.
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Figure 33. Differences in natural frequencies and dispersion of damping factors of unfit for use rim
type 51/2]x14H2 of OEM.

The low band signals after two experiments of unfit for use rims are presented in
Figure 34. Characteristics shown in Figure 34 confirm the assumptions of the measured
difference in natural frequencies. The result of frequency mixing is visible in the low band
when differences in natural frequencies are greater than 0.4 Hz. The soapy water test
carried out at the end of the sixth month of operation showed a loss of integrity of the unfit
for use rim and tire and the examination was finished.

The postulate that the technical condition of the rim is related to the dispersion of
damping factors, and the possibility of classification of technical condition based on simple
threshold criteria has been proved. The 14-inch wheel with 22.4% dispersion of damping
factors was unacceptably deformed when driving over a curb at 20 km/h. The rim with
the initial dispersion of damping factor 8.1 passed all driving tests, including hitting the
curb of a nominal load vehicle with properly inflated wheels and operation on partially
paved forest roads.
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Figure 34. Low band signals of unfit for use rim: (a) After a hit of the curb; (b) Further six months of
operation on partially paved forest roads.

7.3. Prediction of Remaining Time of Use

The prediction of the remaining service life of a wheel rim in relation to its unknown
mileage and the unknown nature of its operation must be based on the determination of its
current technical condition and signals prior to its unusable state. In Section 7.1, we have
shown that the current technical condition of a wheel rim can be precisely determined by
the threshold value of the damping factors dispersion. As a signal prior to the unusable
state, a characteristic signal with repeating features should be selected. In almost all cases,
the time course of the moment arm oscillation is similar to the shape of the u mark. The
first local maximum is lower than the second. The second maximum is in our examination
always the termination of the fatigue test; for example, see Figure 10. The only exception
was in Section 6.3 in the case of a rusty hub. However, the use of oscillations of moment arm
to define or predict the remaining time of use is at least a semi-destructive test. Therefore,
it is essential to check if other parameters measured in non-destructive tests can indicate
that the threshold value mentioned is approaching, by way of the time relation analysis
from the experiment termination. The time relation refers to a set of research sequences
preceding the end of the experiment:

{T(te =1}, ®)

where T is the time before the end of the experiment (te) preceded by the number of
sequences equal to I. The cyclic change of characteristic parameters can be described with
the fold change FC(P) according to Equation (4):

P(T(n))

FCP) = BT (m)”

)
where P is the measured parameter from the set {RO—run-out, aDF—an average of damp-
ing factors, dDF—dispersion of damping factors}, n and m are numbers of examination
sequence where n < m. The above definitions allow for the construction of Table 6, in which
the parameters indicating that the threshold value of the dissipation of damping factors is
approaching are characterized.

The data in Table 6 show that there is a set of parameters that indicate the approaching
end of service life. In three out of five cases, the end of the rim’s service life is preceded by
a fold change in the dispersion of the damping factor greater or equal to 1.46. It seems that
this parameter fold change can act as a separate condition of indication. In four out of five
cases, the end of the rim service life is preceded by a fold change in the average of damping
factors. In three cases out of four, the fold change of the average of damping factors is
correlated with an increased value of run-out greater than 2.2 mm. The fold change in
the average of damping factors is coupled with the fold change of dispersion of damping
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factors for the experiment depicted in Section 6.2, which was conducted with different
sequences. Thus, the binary indicator of approaching the end of the steel car wheel rim can
be written in the form of Formula (5):

1 FC(dDF) > 1.71
I=<1 FC(aDF) > 1.33and RO > 243 3, 5)
0 in other cases

where [ is the binary indicator, while the other designations are as in Equation (4). Unfortu-
nately, calculating the proposed indicator requires at least two consecutive rim tests for
the vehicle’s standard annual mileage. According to our estimations implemented here,
when the indicator equals one, the expected left mileage in mixed traffic conditions is about
9600 km. When the indicator is equal to zero, the rim can be used without fear.

Table 6. The set of parameters indicating that the threshold value of the dissipation of damping
factors is approaching.

Characteristic Sign before

Examu}atlon Maximum Dispersion of T.h e Characteristic Time Relation Time Indicated [h]
Section . Sign and Its Value
Damping Factors
run-out of inner side of 271 mm (T(te—1)] 8
6.1 flange > 2.2 mm
’ local increase in the
average of damping factors FC@DF) = 1.76 (T(te=2), T(te—1)) 8
local increase in the FC(aDF) = 1.89 {T(te—2), T(te—1)} 46 *
6.2 average of damping factors
’ local increase of dispersion _ .
of damping factors FC(dDF) =2.15 {T(te—2), T(te—1)} 46
run-out of inner side of 2 43 mm (T(te—1)) 3
6.3 flange > 2.2 mm
' local increase in average of _
damping factors FC(@DF)=1.33 {T(te—3), T(te—2)} 16
run-out of inner side of
flange > 2.2 mm 2.21 mm {T(te—1)} 8
local increase in average of
6.4 damping factorsg FC(aDF) = 1.26 {T(te—2), T(te—1)} 8
local increase of dispersion _
of damping factors FC(dDF) =1.53 {T(te—2), T(te—1)} 8
6.5 local increase of dispersion FC(dDF) =1.46 {T(te—2), T(te—1)} 3
’ of damping factors FC(DF)=1.71 {T(te—3), T(te—1)} 6

* With the aging procedure in accordance with the standard, no aging sequence with a time equal to 8 h before the
end of the experiment.

7.4. Presented Method Versus Computer Vision Methods

It should be noted that the presented method uses data fusion of modal analysis and
geometrical measurements to identify the technical condition and indicate the approaching
end of the service life of the steel automotive wheel rims. This method belongs to the
noninvasive measurement group. However, the noninvasive measurement group is wider.
Computer vision techniques are also used to analyze automotive wheel rims; see Table 7.

The detection results of the proposed method shown in Section 6 and the computer
vision methods are quite different. The methods presented in Table 7 are primarily oriented
to be implemented at the rim factories, while the proposed method is intended to be used
at car repair stations.
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Table 7. Sample of noninvasive automotive wheel rim examinations based on computer vision.

Method Requirements Method Application Examined Object Detection Result Ref.
radioscopic images internal cracks in
X-ray, digital taken at different image segmentation . . .
. .. . aluminum castings the material [67]
radiography (DR) positions and analysis structure
reference image
. . . adaptive threshold internal defects
. series of images with ) .
X-ray, digital different and morphological automotive such as gas holes [68]
radiography (DR) radiation intensit reconstruction aluminum rim and shrinkage
y of structure cavities
X-ray, NIR l”adI.OSCOPIC and NIR convolutlona.I n(.eural automotive internal casting
images of the network application to . . [69]
photography . . . aluminum rim defects
same object image recognition
VIS photography series of Photography of feature analy§1s n aut(.)motlvg . geometFy [70]
multiple views numerous views aluminum rim imperfections

8. Conclusions

A set of conclusions can be grouped depending on the type of investigation methods:
simulation, laboratory experiment, field trial case examinations, and data fusion.

The simulation results of modal analysis enable the proper construction of labora-
tory measurement systems and fatigue stations. Analysis of traffic conditions, service
maintenance, and standards applied by rim producers of steel car wheel rims enable the
proposition of cyclic examination, including initial measurement and following fatigue and
measurement sequences. The presented investigation shows that sequential fatigue and
rim characterization provide many more possibilities for the analysis of the character of
wheel rim parameters than standard continuous tests until the end of fatigue test condition
is met.

The practical side of the numerical modal analysis shows the possibility to define the
degree of the rim degradation based on the variability of natural frequencies, whereby
when the scale of the damage is greater, the bigger the frequency difference. According
to simulations, the difference in natural frequencies for an ideal automotive rim should
be lower than 0.21 Hz, while the difference may be as high as 12 Hz for a completely
damaged rim. Experiments confirm that values of peaks for an ideal rim that met
standards are below 0.2 Hz and for significantly degraded rim, the differences can reach
4 Hz. Experimental modal analysis also shows that the difference of natural frequencies
is related to low band signals which range from 0 to 4 Hz, as these signals come from
excited frequencies mixing. Thus, peaks at the low band can be a measure of geometrical
rim degradation.

The experimental data shows that processes of wheel rim degradation are too complex
to describe the technical condition of the rim with a single standard or one basic parameter.
Our examination shows that the dispersion of damping factors of vibration excited at
four points that are spread angular at the outer rim flange can act as a precise tool for
binary identification of the technical condition of the rim with an unknown history of
exploitation. The dispersion of damping factors acts as the threshold value for acceptance
of the material health of the rim. We showed that this parameter is strongly related to the
increase of momentum arm oscillations depicted in standards of precise rim factory testing
with the destructive method. At the same time, the dispersion of damping factors can be
measured in a non-destructive way, and it appears to work for rims with an unknown
history. Moreover, the threshold value obtained in experiments for a 15-inch rim works
appropriately for a 14-inch rim.

A more complex situation is related to predicting the end of the service life of the rim.
This prediction may be based on natural frequencies, damping factors, and manufacturer
data. However, that is only possible if its exact sequence of historical data, e.g., collected by
the dealership during routine inspections, is known, and if the vehicle is in ideal condition
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and exploited in standard conditions. However, the technical condition of a vehicle can
affect the expected remaining time of rim use.

On the other hand, the proposed examination results give an indication of the ap-
proaching end of rim service life with acceptable complexity. The indication requires
two sequential examinations of the rim in standard periods related to the average annual
mileage of the vehicle. For the proposed method, the data must include two sets of three
parameters: run-out, average of damping factors, and dispersion of damping factors. On
this basis, the indication of approaching the end of rim service life is advisable in advance,
which can be described as about 10,000 km left of mileage.

The current limitation of the presented method is that it was tested only for steel
car wheel rims. Given the above, the natural direction of further work is to show the
technique’s operation for automotive alloy rims and rims for particular purposes, e.g., for
agricultural and military vehicles. Of course, expanding the area of research will force
the automation of data processing and access. Furthermore, increases in data will enable
statistical analysis of the methodology. However, this research will require a significant
investment in time.
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Abstract: Explosive shock wave protection is an important issue that urgently needs to be solved
in the current military and public security safety fields. Non-metallic protective structures have the
characteristics of being lightweight and having low secondary damage, making them an important
research object in the field of equivalent protection. In this paper, the numerical simulation was per-
formed to investigate the dynamic mechanical response of non-metallic annular protective structures
under the internal blast, which were made by the continuous winding of PE fibers. The impact of
various charges, the number of fiber layers, and polyurethane foam on the damage to protective
structures was analyzed. The numerical results showed that 120 PE fiber layers could protect 50 g
TNT equivalent explosives. However, solely increasing the thickness of fiber layers cannot effectively
enhance the protection efficiency. By adding polyurethane foam in the inner layer, the stress acting on
the fiber could be effectively reduced. A 30 mm thick polyurethane layer can reduce the equivalent
stress of the fiber layer by 41.6%. This paper can provide some reference for the numerical simulations
of non-metallic explosion protection structures.

Keywords: blast protection; non-metallic annular structures; numerical simulation; UHMWPE

1. Introduction

In today’s world, the spread of explosive terrorist incidents poses a serious challenge to
human civilization, regional peace and national security [1]. The disposal of various types
of military explosives, homemade explosives, unexploded ordnance and other explosives
is complex and arduous. The safety protection of explosives is the most important part of
the explosive ordnance disposal process, which usually involves the use of explosion-proof
containers of a certain strength to restrain the hazards generated by explosives [2,3].

Unlike traditional metal or concrete materials [4-7], the structurally weak materials
represented by fibers have shown great promise for internal blast mitigation. The struc-
turally weak materials can convert the blast energy into their own kinetic and internal
energy and are almost completely converted into small soft particles after loading, which
have virtually no secondary damage compared to rigid materials such as metals [8].

In recent years, the structurally weak materials such as water, fibers and foams have
been widely used in the field of blast mitigation [9-11]. Zhou et al. [9] showed that the
annular foam and liquid protective structure, which is a protective structure with promising
applications, can significantly reduce the peak pressure of the explosion at a certain distance.
Batra et al. [10] investigated the three-dimensional transient deformation of unidirectional
fiber laminates subjected to blast loading. Ply splitting was found to be the dominant
damage mode, absorbing 80% of the shock wave energy. Fallah et al. [11] compared
the deformation of mild steel and ultra-high molecular weight polyethylene (UHMWPE,
referred to as PE) fiber with the same face density under blast loading. It was found that
the mild steel had ruptured after loading, and PE fibers could reduce the local deformation
by 30%.
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PE fiber is one of the best ballistic performance fibers available, which has been widely
used in bulletproof vests, bulletproof helmets, bulletproof panels, and other equipment
designs [12,13]. The common PE fiber structures mainly include fiber filaments, fiber cloths,
and fiber plates. The single-layer PE fiber cloth is generally made of four layers of PE fibers
orthogonally hot-pressed, and the ratio of fiber to resin is about 4:1 [14].

However, according to our previous blast tests (Figure 1), visible damage or even disin-
tegration occurred in the PE fiber after loading. The structure of the PE fiber after loading is
shown in Figure 2, which included various failure modes such as ply splitting, bucking, and
fiber matrix de-bonding, etc. Hence, adding a cushioning material in front of the fiber layer
was a viable way to reduce structural damage [15-19]. Karagiozova et al. [15] analyzed the
deformation mechanism of FML (Fiber-metal laminate) based on the composition of glass
fiber panels and aluminum panels under blast loading. Sitnikova et al. [16] conducted a
series of experiments and numerical simulations to analyze the dynamic response of FML
under blast loading. The fiber layer was found to have fractured locally and a petal-shaped
perforation was formed in the middle of the target plate. Although the FML sandwich
composite structure was effective in reducing fiber deformation, the secondary damage
could be caused by the broken pieces when the aluminum plate was shattered. Thus, it
was necessary to design a weak material such as foam to act as a buffer layer for the fibers
and evaluate their blast mitigation performance, which has hardly been studied before.

Figure 2. Photograph of the PE fibers after loading: (a) overall structure, (b) outermost layer.

This paper carried out a series of numerical simulations of the non-metallic composites
under blast loading. The blast mitigation effect of PE fibers was comparatively investigated
before and after the addition of polyurethane (PU) foam. The results of this investigation
showed that the added PU foam on the inside of the PE fibers can effectively reduce the
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stress of the fiber, avoiding the direct disintegration of the fiber structure under the internal
blast loading. The main innovation of this paper is the use of foam “weak material” as a
cushioning layer for fibers, and greatly improving the protection of fiber materials against
blast shock waves, which has been little investigated before. It is expected to be able to
provide a certain reference for the engineering design of explosion-proof structures.

2. Numerical Simulation Description

The numerical simulation conditions in this paper are shown in Table 1. The inner
diameter and height of the annular PE fiber were 200 mm, and 400 mm, respectively.
Working conditions 1-3 were mainly used to compare the protective effect of the same
number of fiber layers under different trinitrotoluene (TNT) equivalents. The working
conditions 1, 4 and 5 were to compare the effects of different fiber layers on protection
under the same charge (200 g TNT). The working conditions 1, 6 and 7 were to compare the
effects of the increased PU foam energy-absorbing layer on the protective structure under
the same charge (200 g TNT) and the same number of fiber layers (120 layers of PE fibers).

Table 1. Typical numerical simulation conditions.

Working Conditions Protective Structure Mass of TNT Charge

. 200 g

1 120 layers of PE fiber (50 mm diameter, 63 mm height)
. 100 g

2 120 layers of PE fiber (40 mm diameter, 50 mm height)
. 50g

3 120 layers of PE fiber (30 mm diameter, 44 mm height)
. 200 g

4 80 layers of PE fiber (50 mm diameter, 63 mm height)
. 200 g

5 160 layers of PE fiber (50 mm diameter, 63 mm height)
6 120 layers of PE fiber 200 g

(with 20 mm PU) (50 mm diameter, 63 mm height)
- 120 layers of PE fiber 200 g

(with 30 mm PU) (50 mm diameter, 63 mm height)

2.1. Numerical Model and Simplification

To further investigate the buffering effect of PU foam on PE fiber, a series of numerical
simulations were conducted using explicit dynamics solvers in LS-DYNA. The Structured
Arbitrary Lagrange-Euler (S-ALE) method was used to define fluid-structure coupling
contact, which referenced the immersed boundary method (IBM) [20,21]. Compared with
the traditional ALE method, the S-ALE method can avoid leakage and improve computing
efficiency [22]. The pinball segment-based contact penalty formulation has been used to
define the contact force between the foam and the PE fibers without tangential friction.

As shown in Figure 3, the overall model was constructed using a 1/8 symmetric
model, with the detonation point set at the center. Corresponding to this, three symmetry
boundary conditions were applied to the X =0, Y = 0, Z = 0 planes and no reflection
boundary conditions were applied to other planes (Figure 3b,c).

The S-ALE calculation area was divided using 2 mm structured orthogonal meshes
with a side length of 140 mm and a height of 280 mm. The sizes of TNT, PU foam and
PE fibers varied under different working conditions, and Figure 3a showed only one of
them. The PE fiber bulk density and surface density were 970 g/m? and 150 g 4 5 g/cm?,
respectively. The thickness of a single fiber layer was 0.15 mm. According to the rele-
vant literature, combining four layers of 0.15 mm thickness PE fibers into one layer of
0.6 mm thickness fibers had little effect on the deformation of the structure at a high strain
rate. In order to further simplify the calculations, four layers of fibers were equated to
one layer [23].
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Figure 3. Numerical simulation model of the PE fiber and PU. (a) 1/8 of 3D model. (b) Bottom view
of the numerical model (X-Y plane) with the boundary conditions. (c) Side view of the numerical
model (X-Z plane).
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The PU foam, PE fiber and Euler regions were meshed in numerical simulations.
The total number of PU foam (30 mm thickness) elements was 100,500, and the total
number of nodes was 109,888. The total number of PE fiber (30 layers) elements was
256,200 and the total number of nodes was 524,172. The element size of the Euler region
was 2 mm, and the total number of elements was 70 x 70 x 140 = 686,000. The mesh
was automatically generated using Hypermesh meshing software version 2019, with all
elements being hexahedral and having a size of 2 mm. The thickness of the PE section was
0.6 mm, and the thickness direction was meshed as a single layer. The official LS-DYNA
theory manual states that the Lagrange elements and Euler elements with the same size
were recommended to avoid S-ALE algorithm crashes [24]. Thus, the TNT and air domains
were adopted as S-ALE meshed with a size of 2 mm in this model.

2.2. Material Model

The standard Jones Wilkins Lee (JWL) equation of state was used to describe the
mechanical behavior of TNT detonation products, with parameters derived from Lawrence
Livermore National Laboratory [25]:

w w wE
P=A(1-—— e RV 4+ B[1—-— e RV — 1
( R1V)e * < RZV>6 v M

where A, B, w, Ry, R; are the equation of state constants of the explosives.
The Linear Polynomial equation of state was used to describe the impact response
behavior of the air [26]:

P=Cyo+Ciu+ Cz“lxlz + C3]i3 + (C4 + Csu + Cﬁ]/lz)Eo (2)

where i = p/po — 1is the ratio of the current density to the initial density. Co = C; = C; =
C3 =Cs =0,C4 = C5 = v — 1. For an ideal gas, v = 1.4. Ey is the internal energy per unit
volume. The specific parameters are shown in Table 3.

The PU foam material model was adopted as Crushable Foam with the parameters
as shown in Table 3 [9]. It should be noted in particular that a failure criterion based on
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maximum principal strain (epxgps) was used in the simulations. The volumetric strain and
stress relationship is shown in Figure 4.

12 T T T T T T T

10 T

Stress (MPa)

1/

ya ' . , ,
0.0 0.2 0.4 0.6 0.8
Volume strain

Figure 4. Volume strain and stress curve of the PU foam.

The PE fiber material was various anisotropic material. Considering that the fibers
were wound molding, there was no connection between faces. Hence, there was no need to
set up face-to-face bound contact. The composite failure material model was used in the
LS-DYNA. The linear relationship of stress-strain was expressed as [27]:

1 Oba Uca
€p 21]50 Egb 1Ec 0p
I _ —Ei; _ETf I 0 0 0 e 3)
Voe 0 0 0 & 0 0 |
Yea 0 0 0 0 & 0 Tea
Yab 0 0 0 0 0o L Tab

9
s

where E, G and v are the modulus of elasticity, shear modulus, and Poisson’s ratio of
the material, respectively. ¢, 7, o and T are the strain, shear strain, positive stress and
shear stress of the fiber, respectively. The following table a, b and c represent longitudinal,
transverse and normal directions, respectively.

Five fiber material failure models and nine strengths were presented in Table 2, in-
cluding three shear strengths (S,p, Sac, Sbe), three compressive strengths (C,, Gy, Cc) and
three tensile strengths (T, T}, T¢) [28]. The corresponding parameters are shown in Table 3.

Table 2. Failure model and criterion of the PE fiber.

Failure Model Criterion

=S|

In-plane tensile failure

—~
Hy J8

Through-thickness tensile failure
Through-thickness shear failure <ﬂ > 2 +

Longitudinal compression failure (ﬁ) 2 >
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Table 2. Cont.

Failure Model Criterion

+

2 2 2 2
Yy C (Y T The
(s3s0) + | (s%s)" 1) i+ (2) "+ (2)" 21

Through-thickness and transverse compressive failure ) ) ) )
Jc Ce _ Jc Tac. The.
(swsbc) + {(swsbc) 1} [ +< ) + (SZL-) =1

Table 3. Material model parameters used for TNT, Air, Pu foam and PE fiber.

TNT material parameters [25]

p (kg/m3) A (Pa) B (Pa) Ry R, w
1.63 3.738 x 1011 3.747 x 10° 415 0.9 0.35
D (m/s) Py (Pa)
6930 2.1 x 1010
Air material parameters [26]
r (kg/m3) Cy Cs Eg (Pa)
1.225 0.4 0.4 2.5 x 10°
Foam material parameters [9]
p (kg/m3) E (Pa) Ur Tsc (Pa) Damp EMXEPS
200 3.195 x 108 0.001 5.3 x 100 0.1 0.05
PE material parameters [27,28]
E, (Pa) E;, (Pa) E. (Pa) Uba Uca Ueb
34.257 x 10° 34.257 x 10° 5.1 x 10° 0 0.013 0.013
Gap (Pa) Gea (Pa) Gep (Pa) T, (Pa) Ty, (Pa) Cc (Pa)
0.1738 x 10° 0.5478 x 10° 0.5478 x 10° 1.25 x 10° 1.25 x 10° 1.9 x 10°

3. Numerical Calculations and Analysis of Results
3.1. Effect of Different Explosive Equivalents

As shown in Figure 5, under the 50 g TNT internal blast loading, the fiber protection
structure had no significant deformation. There was only a little damage to the innermost
layer, which mainly concentrated in the center of the explosion. It could be basically
considered that the structure was able to effectively protect against 50 g TNT explosives.
Under the 100 g TNT internal blast loading, the inner and outer layers of fiber protection
incurred some damage, which mainly concentrated in the center of the explosion. Hence,
the structure under the 100 g TNT charge had a certain risk. Under the conditions of the
200 g TNT, the protective structure incurred a large fragmentation. The outermost layer
was torn, which has been completely ineffective.

Numerical simulation showed that under the action of the explosion shock wave, the
height of the protective structure could be reduced to the middle, as shown in Figure 6. For
the 200 g TNT charge, its height before the explosion was 400 mm. After the explosion, the
height was reduced to about 360 mm, a 10% height reduction. This was due to the large
outward deformation of the middle protective layer under the action of the shock wave, as
shown in Figure 7.

The time history of the blast shock wave and fiber interaction was shown in Figure 8.
At 0.02 ms, the blast shock wave reached the fiber layer. At 0.07 ms, some overall defor-
mation occurred, and some fibers were broken. At 0.2 ms, a large number of fibers failed
and broke off. At 0.5 ms, the middle part has been completely broken and the protective
structure has lost its protective ability.
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(al) (a2)

(b1) (b2)

Figure 5. The damage of protective structure under different equivalent explosives. The legend
represents the extent of damage to the material, where red (1) represents complete damage to the
material and white (—1) represents no damage. (al) Inner side, (a2) outer side of the PE fiber within
50 g TNT; (b1) Inner side, (b2) outer side of the PE fiber within 100 g TNT; (c1) Inner side, (¢2) outer
side of the PE fiber within 200 g TNT.

(a) (®)

Figure 6. Comparison of protective structure heights before and after the explosion. Height of
protective structure (a) before explosion, (b) after explosion.
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Figure 7. Crushing condition of the middle structure.
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Figure 8. Time history of the interaction between shock wave and PE fiber: (a) Initial state at 0 ms,
(b) blast wave propagation at 0.01 ms, (c) shock waves on fibers at 0.02 ms, (d) partial fiber failure at
0.07 ms, (e) massive fiber failure at 0.2 ms, (f) outermost layer destruction at 0.5 ms.

3.2. Effect of Different Fiber Layers

The dynamic mechanical response of 80-layer, 120-layer and 160-layer PE fibers under
200 g TNT charge is compared in Figure 9. And Figure 10 shows the damage of different
fiber layers under blast loadings. Under the action of 200 g TNT charge, 80 layers of PE
fibers were obviously deformed and broken. Of PE fibers, 120 layers were broken to a
relatively small extent, and 160 layers were broken to the smallest extent, but the inner
layer and the outermost layer were also broken. It can be seen that increasing the number
of fiber layers can improve the protective effect to a certain extent, but cannot completely
realize the explosion protection.

The shock wave generated by the explosion first acted in the innermost layer of PE,
and the stress waves continued to propagate. In the continuous winding of the dense
structure, the stress wave attenuation was small. A shock wave in the outermost layer of
PE formed a reflected stress wave, resulting in the outermost fiber structure two times the
stress state. Therefore, the damage generally occurred in the innermost and outermost
layers of the fiber structure, and in some cases, the damage in the middle layer was smaller.
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0.80 :I
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-0.80 |
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Figure 9. Cont.
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Figure 9. The effect of different fiber layers on protection. The legend represents the extent of damage
to the material, where red (1) represents complete damage to the material and white (—1) represents
no damage. (al) Inner side, (a2) outer side of the 80-layer PE fiber; (b1) Inner side, (b2) outer side of
the 120-layer PE fiber; (c1) Inner side, (c2) outer side of the 160-layer PE fiber.

damage

Figure 10. Damage situation of central parts with different fiber layers under blast loadings:
(a) 80 layers of PE fibers, (b) 120 layers of PE fibers, (c) 160 layers of PE fibers. The legend rep-
resents the extent of damage to the material, where red (1) represents complete damage to the
material and white (—1) represents no damage.
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3.3. Effect of the PU Foam

Considering that increasing the number of PE layers did not effectively improve the
stress state of the overall protective structure, the pressure peak of the inner PE fiber layer
must be reduced to effectively reduce the damage. The PU foam was an excellent shock
wave absorbing material, which could be placed inside the fiber structure to provide a
cushioning effect.

As shown in Figure 11, there was a significant reduction in the deformation of PE fiber
after adding 20 mm PU foam, with only a little damage in the inner and outer layers. After
adding 30 mm PU foam, there was almost no damage in the outermost layer of fibers.
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Figure 11. Damage situation of PE fiber structure after adding PU foam protective layer. The legend
represents the extent of damage to the material, where red (1) represents complete damage to the
material and white (—1) represents no damage. (al) Inner side, (a2) outer side of the PE fiber without
PU foam; (b1) Inner side, (b2) outer side of the PE fiber with 20 mm PU foam; (c1) Inner side,
(c2) outer side of the PE fiber with 30 mm PU foam.

The protective conditions of single fibers and 30 mm PU foam/fibers are compared
in Figure 12. The yellow area in Figure 12b exclusively represents the PU foam material,
excluding any indication of pressure. In the no PU foam condition, at 0.02 ms, the shock
wave acted directly on the PE fibers, creating a large stress and a large number of fibers
failing. At 0.03 ms, the stress wave continued to propagate to the outer layer, forming
a reflection in the outermost layer. In contrast, under the 30 mm PU foam protection
condition, at 0.02 ms, the shock wave acted on the PU foam layer and transmitted inward
to a certain extent, and there was no crushing of fibers in the outermost layer. At 0.03 ms, a
large amount of PU foam crushing occurred, absorbing a large amount of energy, while the
foam in contact with the fiber generated a certain amount of stress wave propagation to the
outer layer.
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Comparing Figures 13 and 14, it can be found that at 0.05 ms, under the condition of
no PU foam protection, the area of higher effective stresses in the fiber layer (>500 MPa)
was much larger than that of the 30 mm PU foam protection layer. Under the condition of
no protection, the effective stress in the outermost layer of the fiber was greater than that in
the innermost layer.

Pressure
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Figure 12. Comparison of the pressure contours in the Euler region (including air and TNT) in
different conditions. The figure only showed the pressure of air and TNT without showing the fiber
and foam. The unit of the pressure is Pa. (a) The PE fiber without PU foam at 0.02 ms, 0.03 ms and
0.2 ms; (b) The PE fiber with 30 mm PU foam at 0.02 ms, 0.03 ms and 0.2 ms.
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Figure 13. Contour diagram of effective stress of PE fiber without PU foam at 0.5 ms: (a) inner layer,
(b) outer layer. The unit of the effective stress is Pa.

Effective Stress (v-m)
5. 000e+08 (a) ®)
. 500e+08 ]
.000e+08 _|
. 500e+08 _
. 000e+08
. 500e+08 :I
.000e+08 _|
.500e+08 _|
.000e+08
. 000e+07 ]
. 000e+00 Mﬂ

S O = = NN W WS

Figure 14. Contour diagram of effective stress of PE fiber with 30 mm PU foam at 0.5 ms: (a) inner
layer, (b) outer layer. The unit of the effective stress is Pa.
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As shown in Figures 15 and 16, comparing the PU foam (PU) and PE-only protec-
tion conditions at a thickness of 30 mm, the PU foam absorbed a significant amount of
energy during the period of 0 to 0.05 ms. Thus, the total energy acting on PE fibers was
significantly reduced.

Comparing no PU (no_PU), 20 mm thickness PU (20 mm PU), and 30 mm thickness PU
(30 mm PU), the effective stress in the PE fiber layer is shown in Figure 17. It is important
to note that Figure 17 shows the effective stress in the PE fiber, while Equation (2) calculates
the shock wave overpressure in the air. Thus, it is reasonable that there is a large difference
between them. The probed points were chosen to be three cells at the bottom, and the
equivalent stress data from the three cells were averaged for comparison.

6000 . : . . . ;

—— PEJ ]
5000 -

4000

3000

2000

Total Energy/(J)

1000

04

T T T T T T T
0.00000 0.00005 0.00010 0.00015 0.00020
Time/(s)

Figure 15. Total energy history curve of PE fiber layers without PU protection.
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Figure 16. Energy history curve of 30 mm PU foam protective structure.

For the no PU foam, 20 mm PU foam, and 30 mm PU foam condition, the peak
equivalent stress was 970 MPa, 727 MPa, and 566 MPa, respectively. As shown in Table 4,
the 30 mm thickness of PU was able to significantly reduce the peak equivalent stress in
the fiber layer by 41.6%.
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Table 4. Comparison of equivalent stress peaks with different protective layers.

Protective Structure Peak Equivalent Stress (MPa) Comparison
No PU foam 970 0
20 mm PU foam 727 —25.1%
30 mm PU foam 566 —41.6%
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Figure 17. Effective stress history curves of fibers with different foam buffer layers.

4. Conclusions

In this paper, the numerical simulation of the non-metallic annular structures was
investigated. By comparing the effects of different explosive equivalents, fiber layer thick-
nesses, and the PU foam on the protective structure, the numerical simulation analysis
showed that:

(1) With the increase of explosive equivalents, the fiber protective structure under the
same conditions was more likely to be broken. For this condition (inner diameter of
200 mm, length of 400 mm ring fiber structure, PE fiber layer number of 120 layers),
the ring fiber could protect 50 g TNT bare explosives. For 100 g and above TNT charge,
the annular fiber inner and outer layers would be torn, and there was a protection gap;

(2) The fiber thickness for bare explosives protection had less impact, and simply increas-
ing the thickness of the fiber did not significantly improve the tearing situation;

(3) The inner layer increased 30 mm thickness PU foam material, and the PU foam can
effectively absorb the shock wave energy. It reduced the inner layer of fiber on the
equivalent stress of 41.6%, thus significantly reducing the tearing of PE fibers by
shock waves.

The work in this paper for the non-metallic protective structures under the internal
blast provided a numerical method reference. The next step of the work will focus on the
protection structure for the blast test research.
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Abstract: This study primarily focuses on conducting, both experimentally and numerically, a modal
analysis of a cantilever composite beam. Through extended numerical simulations, we investigate
Campbell diagrams, which, depending on the rotation speed of the structure, comprise natural
frequencies and their corresponding modal shapes. Our results are categorized into two main aspects:
the classical single-mode behavior and an innovative extension involving linearly coupled modal
analysis. One key novelty of our research lies in the introduction of an analytical description for
coupled mode shapes, which encompass various deformations, including bending, longitudinal
deformations, and twisting. The most pronounced activation of dynamic couplings within the linear
regime for a 45° preset angle is observed, though the same is not true of the 0° and 90° preset angles,
for which these couplings are not visible. In addition to the modal analysis, our secondary goal is to
assess the lift, drag forces, and moment characteristics of a rectangular profile in uniform flow. We
provide insights into both the static and dynamic aerodynamic responses experienced by the beam
within an operational frequency spectrum. This study contributes to a deeper understanding of the
dynamics of composite rotating beams and their aerodynamic characteristics.

Keywords: composite material; rotating structure; modal interactions

1. Introduction

Beams are among the most popular construction elements in engineering. Therefore,
it is crucial to have a solid understanding of both the basic and advanced theories related to
beam modeling. This knowledge is not only applied but also enhanced in the case of rotat-
ing beams, which find widespread use in various industrial applications. Some of the most
common applications include wind turbines, helicopter rotors, and airplane propellers.

In their work [1], the authors provided a comprehensive review of the most common
theories pertaining to beams, which have been utilized by scientists over the past few
decades. They examined classical approaches, such as those by Da Vinci, Euler-Bernoulli,
and Timoshenko, in addition to the Generalized Beam Theory. Special emphasis was
placed on the Carrera Unified Formulation (CUF) in one dimension, and the authors pre-
sented numerical examples illustrating its application in static, dynamic, and aeroelastic
problems. Furthermore, they conducted an overview of two recently developed methods:
axiomatic/asymptotic and component-wise approaches. The primary conclusion drawn
from this critical review is that beam theories are still in need of further development and
improvement. In another study by Wang et al. [2], a reduced model for vortex-induced
vibrations (VIVs) in turbine blades is derived. In this study, the authors modeled the blades
as uniform cantilever beams and employed the multiple scale method to investigate non-
linear dynamics. Subsequently, they calculated frequency-response curves and identified
two types of bifurcation. The results presented underscored the necessity of employing
coupled models to analyze the rich dynamics of VIVs.

The asymptotic development method is employed in [3] to investigate the free non-
linear oscillations of initially straight Timoshenko beams. The authors focused on two
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different definitions of curvature: one with respect to the deformed length and the other
with respect to the undeformed length. The comparison of these two methods was the
primary objective of their study, and the authors demonstrated that the results for slender
beams are very similar when using both approaches. Furthermore, in [4], the authors
analyzed the model of a geometrically exact nonlinear Timoshenko beam. They derived
the equations of motion for the structure but primarily concentrated on one-dimensional
constitutive equations. The paper presents basic numerical results. A similar approach
is applied in [5] to analyze the dynamics of an elastic isotropic rotating beam. The eigen-
values and mode shapes are obtained for the linear problem, and the coupling between
flapping, lagging, axial, and torsional components is studied. In the second part of the
paper [6], the authors focused on analytical calculations. They applied the multiscale
method directly to the partial differential equations of motion and drew backbone curves.
Additionally, they analyzed three flapping modes as the angular speed varied from low
to high. The scientists demonstrated that the nonlinearities of the flapping modes are
strongly correlated with angular speed and can transition from hardening to softening and
vice versa. In addition, Thomas et al. [7] conducted a study on the influence of rotation
speed on the nonlinear vibrations of a cantilever beam. They focused on the phenomena of
hardening/softening and jump effects, particularly when dealing with large amplitudes. To
analyze these phenomena precisely, they employed three different models: two analytical
models and one original model based on finite-element discretization. On a related note, the
nonlinear vibrations of a rotating Timoshenko beam were investigated using the p-version
finite element (FE) method in [8]. This study considered two types of nonlinearities: the
strain—displacement relationship and the inertia force resulting from the rotation speed.
Nonlinear forced vibrations were analyzed in the time domain, with consideration for both
constant and non-constant rotation speeds. Carrera et al. [9] examined the free vibrations
of a rotating composite blade. They employed the Carrera Unified Formulation (CUF) and
the FE method to solve the governing equations. The authors placed their focus on both
flapwise and lagwise motion, and they also accounted for the Coriolis force in their analysis.
In a related study, presented in [10], the authors delved into the nonlinear vibration of a
rotating beam with variable angular velocity. They concentrated on the coupling between
longitudinal and bending vibrations. The authors derived the governing equations of
motion using Hamilton’s principle and the Galerkin method. They then applied the multi-
scale method to obtain a first-order approximate solution. Their results were compared to
those obtained through numerical integration, demonstrating a very good agreement. In
the work of [11], the same methods were applied to derive the equations of motion for a
rotating composite Timoshenko beam with both open and closed box-beam cross-sections.
The authors stated that the change in pitch angle significantly influences the coupling
between flapwise bending and chordwise bending motions, which is associated with the
centrifugal force. The presented results take into account nonconstant angular speed as well
as a nonzero pitch angle. Given the practical applications of rotating beams and structures,
it is of paramount importance to consider the significant impact of aerodynamic loads on
their dynamics. In the paper by DiNino et al. [12], an in-depth analysis of a homogeneous
viscoelastic beam was conducted under the influence of uniformly distributed turbulent
wind flow. This study encompasses an examination of both the steady and turbulent
components of the wind, with a particular focus on their roles in Hopf bifurcation and
parametric excitation. The authors also emphasized the interaction between bifurcation
phenomena and the critical and post-critical behavior of the beam. Meanwhile, in [13],
Elmiligui et al. present results obtained from numerical simulations of flow past a circular
cylinder. Two distinct approaches are employed to prepare the model for simulations,
and the resulting data are compared with previously published experimental findings.
Nonlinear vibrations of the blade under high-temperature supersonic gas flow and varying
angular speed are presented in [14]. The authors assume that the blade is pre-twisted,
presetting, and a thin-walled rotating cantilever beam is used. The equations of motion are
derived using Hamilton’s principle and the Galerkin method, revealing the presence of
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1:1 internal resonance as well as primary resonance. The numerical results presented in
the paper show that not only periodic motions but also chaotic motions can occur in the
nonlinear vibrations of the rotating blade when the angular speed varies. Furthermore,
in [15], a bifurcation analysis of a rotating pre-twisted beam is presented, taking into ac-
count varying speed and aerodynamic forces. The model is analyzed in both the chordwise
and flapwise directions, revealing phenomena such as jumps, saturation, and double jumps.
Additionally, in [16], a model of an Euler-Bernoulli beam with nonlinear curvature and
coupled transversal-longitudinal deformation is introduced. The authors applied Hamil-
ton’s principle to derive the equations of motion, with a focus on time delay control as
the primary task. They presented the influence of linear and cubic control methods on
vibration reduction for different rotating speeds. Meanwhile, nonlinear vibrations of a
slowly rotating beam with a tip mass are studied in [17]. The authors applied the extended
Euler-Bernoulli theory to analyze longitudinal-bending-twisting vibrations. They utilized
the multiple time-scale method to solve partial differential equations and demonstrate
the influence of angular speed, tip mass, and hub on nonlinear vibrations. Furthermore,
the free vibrations of the beam model with a tip mass are explored in [18]. The authors
focused on cross-sectional rotations, lateral bending, and transverse bending. The numeri-
cal simulations illustrate the effects of tip mass, rotary inertia, viscoelastic damping, and
the beam inertia ratio on the stability of the system, as well as on natural frequencies. In
their work, Huang et al. [19] presented fascinating results from experimental studies on
slowly rotating cantilever beams. They employed Digital Image Correlation, the Phase
Mapping Method, and direct measurements under operational conditions to analyze three
beams, subjecting them to twenty different angular velocities. Their findings revealed
centrifugal hardening behaviors in the flap-wise direction, confirming the accuracy of their
chosen model. Notably, they achieved excellent agreement between experimental data
and numerical calculations for hardening frequency. Another study of rotating composite
beams is discussed in the paper by Gawryluk et al. [20]. In this research, the authors
assumed a constant angular velocity for the rotating beam and utilized a Macro Fiber
Composite™ (MFC) actuator for excitation. They employed numerical solutions via the
FE method, which were subsequently validated through experimental testing. Addition-
ally, Rafiee et al. [21] provided a critical review of scientific papers focused on rotating
beams. The authors examined various approaches to calculations, including analytical,
semi-analytical, and numerical methods, and discussed different beam theories. This paper
offers a comprehensive overview of research on beam vibrations that has been conducted
in recent years.

In a study by Teter et al. [22], modal analysis of a rotor composed of three active
composite beams is presented. They compare experimental results obtained from a laser
vibrometer and a LMS Test.Lab analyzer® with modal hammer to numerical simulations
performed using Abaqus® software. The authors achieved excellent agreement among all
methods, not only for natural frequencies but also for mode shapes. In the subsequent
paper authored by Mitura et al. [23], the dynamics analysis of the rotor operating at a
constant angular velocity is presented. The authors employed a Digital Signal Processing
(DSP) system to excite vibrations in the beams and control angular speed. The authors
investigated the influence of the piezoelectric effect and the hub’s speed on the rotor’s
dynamic behavior. An analysis of force vibrations in a mistuned three-bladed rotor is
presented in Warminski et al. work [24]. They assumed that beam mistuning in the rotor
results from manufacturing processes in composite production. The rotor was excited
by harmonic torque, or by chaotic oscillations. This study revealed the localization phe-
nomenon. Furthermore, the localization and synchronization in a rotor with three beams
were studied by Szmit in [25]. The model was analyzed numerically based on equations
of motion and through numerical simulations using Abaqus® software. Additionally, the
paper presented results from experimental studies, including natural and force vibrations.
Finally, Szmit et al. [26] conducted fully experimental studies on a three-bladed rotor.
They used high-speed cameras during constant angular speed rotation to analyze the
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aerodynamic loads at different preset angles. The results include polynomials describing
aerodynamic loads based on camera images.

Despite the extensive literature on rotating beams’ vibrations, in which the single-
mode linear behaviour of the eigenvalue problem is corrected through nonlinear effects,
the mechanical coupling, which already occurs in the linear problem between two distinct
orthogonal modes, appears to be overlooked in the analytical /numerical models. This
provided motivation for conducting a numerical modal analysis within detailed inspection
of interactions already in the the linear scope. Furthermore, the linear dynamics of beams is
supplemented with aerodynamic characteristics that are closely dependent on the beam’s
geometry. Research on this aspect is lacking in the majority of studies on rotating beams.

The paper is organized as follows. In Section 2 linear modal analysis of the rotating
structure are presented. Graphs illustrating the change in natural frequencies and associated
linear mode shapes with rotor rotational speed are discussed, and linear mode couplings
of bending, longitudinal motion and torsion in the spatial coordinate system are explored.
The aerodynamic characteristics of static and dynamic lift/drag forces, together with
aerodynamic momentum, are investigated in Section 3. The article concludes with final
remarks and a description of future scientific research directions in Section 4.

2. Dynamic Response of Composite Structure

Let us consider a composite beam attached to a rigid hub with a radius R; see Figure 1.
The beam is made of highly elastic ThinPregTM 120EP-513/CF resin and M4]B-12000-50B
(TORAY) carbon fibers. Moreover, a specific stacking sequence [0/—60/60/0/—60/603/
—60,/0,/—60/0,/60,/—60] ensures isotropic properties of material in the linear elastic
regime, as defined by Hook’s law [27]. Uniform distribution of the material along the
specimen’s length L = 595 mm and cross-sectional area b x h = 35 mm X 0.9 mm is
assumed [25]. The effective mechanical properties of the composite structure are gathered
in Table 1. In Figure 1a, only one coordinate system exists that rotates with the rotating
beam-hub structure. The x-axis aligns with the longitudinal axis of the undeformed beam,
the z-axis coincides with the hubs’ rotation axis and the y-axis completes the right-handed
Cartesian coordinate system. Additionally, in Figure 1b, an angle © is measured from
xy-plane positively defined in accordance with the right-hand rule about the x-axis. A
preset angle © can be varied from 0° to 90°, and describes the orientation of the blade
attached to the hub. The system rotates with a constant speed ¢. The hub’s mass moment
of inertia is infinite; hence, the rotating imbalance and inertial coupling between successive
beams are not taken into account. The target of this assumption is to eliminate additional
interactions between consecutive beams. The attention is devoted only to the beam as a 3D
continuous structure, which can be deformed out of plane (outplane bending i), in-plane
(inplane bending j), along the main of the beams’ axis (longitudinal k) as well as twist
(torsion /). Note that, since the xyz coordinate system is embedded in the rotating hub, the
directions of introduced deformations i and j are not aligned with the xy and yz planes.
Only longitudinal k and twisting [ motions can be referenced relative to the x-axis.

Table 1. Effective mechanical properties of the composite beam: density, mass per unit length,
Young’s modulus, shear modulus, Poisson’s ratio [16].

p H E G v
kg/m3 kg/m GPa GPa )
1350 0.042525 55.7225 20.4862 0.36
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Figure 1. The beam-hub structure: (a) an isometric top view, and (b) a viewpoint orthogonal to the
primary axis of the beam.

Commercial Ansys® software was used for all numerical simulations presented in
the paper. In the first step, the natural frequencies and associated mode shapes were
validated in accordance with analytical calculations, simulations of competitive commercial
software [17,28], as well as experimental studies performed in the absence of rotation
(¢ = 0) e.g., by neglecting the centrifugal force [16]. Nevertheless, the experimental
investigations were restricted solely to the first two modes of natural vibrations. This
prompted the authors to explore higher frequencies of the system’s natural vibrations
within the frequency range that aligns with forthcoming numerical analyses.

Experimental measurements were conducted in the laboratory of the Department of
Applied Mechanics at the Lublin University of Technology. An advanced PSV 500 laser
scanning vibrometer and an electromechanical exciter SmartShaker K2007E01 were used
for the measurements [22]. The measurement system setup is illustrated in Figure 2. The
experiment was conducted based on a periodic chirp excitation in the frequency range
of 0-25,132.7 rad /s (0—4 kHz), with the excitation applied at the base of the beam using
the head of the electromechanical shaker. The calibrated scanning head performed three
measurements for each of the 385 predefined points. Fast Fourier Transform (FFT) was
then applied to the recorded time-domain signals for each point to identify resonant peaks
and their associated vibration modes. The results of the vibration tests are presented as
the first twenty detected modes of vibrations shown in Figure 3, and the corresponding
magnitude—frequency plots are presented in Figure 4.

generators’ signal

piezoelectric force sensor’s signal

shaker
-

scanning

head
e Tiy

PC + controller
+ measuring system

specimen

laser scanning zone

Figure 2. The scheme of the experimental setup.
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wy =17.67rad/s wp, =111.90rad/s w3z =314.16 rad/s w4y =394.65rad/s ws = 610.60rad/s

wg = 1240.93 rad/s w9 = 1421.57 rad/s w9 = 1653.26 rad/s

w1 = 2281.58 rad/s wyp; =3025.73rad/s wy3 = 3885.77 rad/s wyy = 4843.96 rad/s wy5 = 5317.15rad/s

w1 = 5910.12rad/s w7y = 6381.20rad/s wig =7164.72rad/s w9 =7353.27 rad/s wyy = 8391.82rad/s

Figure 3. Experimental linear (single) mode shapes.
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Figure 4. Frequency magnitude curves of dynamic tests for measured signals: velocity multiplied by
force sensors’ voltage, displacement, velocity, and acceleration (from top to bottom).
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It is worth noting at this stage that in the absence of angular velocity, despite the use
of a composite structure and a very broad frequency spectrum, no dynamic couplings were
observed in the linear range of the dynamic response. The detected natural frequencies
align with the numerical calculations reported in the Section 2.1. The authors regret that,
due to technical constraints, they were unable to perform modal analysis considering a
rotating structure. Consequently, experimental measurements were complemented only
with numerical simulations using the finite element method.

2.1. Campbell Diagram

In this Section, the rotating system is axially pre-stressed due to centrifugal forces and
then subjected to linear modal analysis. The distribution of centrifugal forces depends
on angular velocity ¢ as well as the dimensions of the beam and the radius of the hub. It
interferes with inertia and stiffness matrices and has a significant impact on eigenvalue
problems such as linear eigenfrequencies and associated modes shapes. Natural frequencies
as a function of rotational speed, e.g., Campbell diagrams, for five preset angles are
presented in Figure 5. The linear natural frequencies up to 3000 rad/s are reported, and
extended analysis for higher-order modes with logarithmic scale on ordinate are gathered
in Appendix A.
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Figure 5. Cont.
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Figure 5. Campbell diagram of the rotating beam for predefined preset angle: (a) ® = 0°, (b) ® = 30°,
(c) © =45°,(d) © = 60°, (e) ® = 90°.

In the angular velocity absence ¢ = 0, the natural frequencies are the same regardless
of the radius of the hub and the preset angle of the blade. When rotation is activated, the
two boundary angles ©® = 0° and ® = 90° represent the dynamics of clear single-modes
of vibration. In Figure 5a,b, despite numerous intersections of natural frequencies, no
couplings occur. It is very interesting that for a rotational speed of 260 rad/s, three curves
intersect at 650 rad/s. In general, values of natural frequencies increase with increasing
rotational speed, but the slope trends are different. In contrast to the other curves, only
the first torsion mode at ® = 0° has a constant value of natural frequency. In the scenario
in which linear modal couplings occur, indications on Campbell charts are not reported
because they cannot be assigned to the conventional vibration modes included in the legend
of the graphic. The individual interpretation will be performed in Section 2.3. Therefore, for
preset angle © = 30°, © = 45° and ©® = 60° strong linear modal interactions are observed
in Figure 5b—d. In the first and third cases, the 1st inplane bending mode is lacking only for
300 rad/s and 400 rad /s, respectively. The preset angle ® = 45° seems to be the critical
one, for the sake of only torsion modes, and the 1st outplane modes were matched in the
studied angular speed interval. This means that in the linear range, there is already a strong
coupling or multiple instabilities in simulations on the beam.

2.2. Linear Mode Shapes

Campbell diagrams display only natural frequencies and lack information about the
deformation of the shape. Based on three selected angular speeds, the change in linear
mode shapes necessitates a proper discussion on deflection half-waves and the modal nodes
location. To facilitate the observed changes, selected higher-order modes are presented
in Figure 6. The third out-of-plane bending mode is very susceptible to angular velocity
in the range of up to 1000 rad/s. Firstly, the natural frequency varies from 295.591 rad/s
to 3917.31 rad/s. Secondly, the two modal nodes shift at approximately 1.5% and 0.84%
at 100 rad/s. The changes become more prominent at approximately 3.7% and 3.5% at
100 rad/s. The mentioned shifts in % refer to nodals” displacements over the length of
the beam in the free rest configuration. Standardization of the results to the maximum

143



Materials 2023, 16, 7356

beam deflection also shows that with the increase in rotational speed, the amplitude of
the first two half-waves decays with respect to the free end. Moreover, the deflection
arrows of the half-waves are inclined to the right. The second flexural in-plane mode shape
remains constant for increasing rotational speed, while its natural frequency changes from
3968.35 rad /s to 4569.89 rad /s, which provides an increase of about 15% (see Figure Al).
Analogously to the bending mode in the susceptible direction, torsional vibrations display
a shift in the modal node by approximately 0.5% and 5.9% for 100 rad /s and 1000 rad/s,
respectively. The second analogy is the reduction in the maximum twist in the first half-
wave. We note that standard linear mode shape projections (®;, ®;, & and ;) consisting
of amplitudes (A1—A4, B1—B4, C1—C and D1-D;) and characteristic coefficients (A1, Ay, A3
and A4) can be described in the form

®;(x) = Arsin (A1x) + Ap cos (A1x) + Az sinh (A1x) + Ag cosh (Aqx), 1)
®;(x) = By sin (A2x) + By cos (A2x) + Bz sinh (A2x) + By cosh (A2x), )

for outplane/inplate bedning, and

qu(x) = C] sin (/\33() + Cz COSs ()\39(?), (3)
(Dl(x) = D1 sin (/\4.76) + D5 cos ()\49(), (4)

for longitudinal and twisting are sufficient. Hoverer, the indicated amplitudes and char-
acteristic coefficients must satisfy the sclerotic boundary conditions at x = 0 and rheo-
nomic constraints x = L by balancing internal forces, centrifugal forces, Coriolis forces
and inertia terms. To date, finding an analytical solution to such a complex problem
remains challenging.

outplane bending inplane bending torsion

(a)

1W 0.84 %

/_\\\
3.7%\_/ 35%

N

(c)

Figure 6. Linear mode shapes for preset angle ® = 90° and varying angular velocity: (a) ¢ = Orad/s,
(b) ¢ =100d rad/s and (c) ¢ = 1000 rad/s.

2.3. Linear Mode Couplings

In this section, we devote attention to more sophisticated mode shapes, which involves
combining at least two linear unidirectional mode shapes [29]. The introduced i, j,k,I
notations can be extended to combined mode shapes (i, , k, I) in the linear regime, e.g., the
third inplane bending mode interacting with the first longitudinal mode and second twist
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mode can be classified as ®(0,3,1,2). In proposed notation, the frequency dependence
is omitted for simplicity. Referring to Campbell charts of Figure 5c, a set of the most
interesting solutions of numerical simulations for preset angle ® = 45° and ¢ = 800 rad/s
is presented in Figure 7. This is a particularly complicated case, in which twin modes of
vibrations ®(4,2,0,0) for w; = 4164.62 rad/s and ®(4,2,0,0)* for wy = 4662.44 rad/s
are obtained. Despite the fact that both consist of the fourth flexible mode and the second
flexible mode with greater stiffness, their natural frequencies differ. Moreover, in Figure 7a
the i-type mode is dominant, while in Figure 7b, the j-type mode is more exposed. Since
the notation counts only the dominant modes, it is conventional to implement weights (A,
B, C and D) for each mode of vibration

O(t,x) = sin (wyt)® (i, j, k, 1) = sinwyt[ADP;(x) + BOj(x) + CPk(x) + DP;(x)],  (5)
A+B+C+D=1, (6

where w);, corresponds to the nth natural frequency of a given ¢, while ¢ is the time.

Other detected modal couplings include the combination of the 9th outplane bending
with the 3rd in plane bending and 1st longitudinal with 10th torsion, which are presented
in Figure 7c and Figure 7d, respectively. We have observed that neither the first in-plane
bending singular mode nor any coupled modes are detectable; therefore, this mode can be
subtly incorporated into other coupled modes of vibration.

I__. i

(@) ®(1,1,0,0), wy =157.45rad/s

(c) ®(4,2,0,0)x, wg =4662.44 rad/s

Figure 7. Cont.

145



Materials 2023, 16, 7356

(d) ©(9,3,0,0), wiy = 11332.35 rad/s

- i

(e) ®(0,0,1,10), woys = 16904.28 rad/s

Figure 7. Linear mode couplings for preset angle ® = 45° and ¢ = 800 rad/s.

Extended results for fixed preset angle ® = 45° and gradually varied rotational speed
¢ for 200 rad /s, 300 rad/s, 400 rad/s, 500 rad /s, 600 rad/s, 700 rad/s, 900 rad/s and
1000 rad/s are reported in Figures A2-A8. These results provide a solid basis for further
analyses using analytical methods, indicating the level of complexity of the issue in 4D
space and in the time/frequency domain.

3. Aerodynamic Simulations
3.1. Lift/Drag Forces and Momentum

In this section, we focus on the aerodynamic aspects of the 2D blade in the flow of
uniform air. The rectangular cross-section of the beam is placed at a given preset angle, ®.
In the studied case of a non-deformable structure, the preset angle is consistent with the
angle of attack. Geometric details of the Computational Fluid Dynamics (CFD) simulations
are presented in Figure 8. During the simulations, aerodynamic forces were recorded over
time. In post-processing, the maximum and minimum magnitudes, as well as the mean
values, of steady-state motion time histories were grouped according to the angle of attack
O and varying airflow conditions. The translational airflow to rotation of the beam-hub
structure is converted as follows

0

¢ = RTL )

where v corresponds to the air flow velocity at the tip of the blade and R + L describe the
distance between the main axis of rotation and the beam tip in a free and undeformed
configuration, with dynamic and centrifugal forces disabled. This assumption will be
utilized to simplify our analysis.
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wall

outlet

wall

Figure 8. Geometry of CFD simulation domain 60D x 40D (upstream 20D and wake 40D), the
near-field cylinder 10D and the blade 1D corresponding to the width of the beam b.

Figure 9 presents lift drag forces in the function of preset angle ©® and angular speed ¢.
At zero angle of attack, no lift force was detected, and the drag forces were at their minimum
compared to the entire chart. Moreover, in the steady-state flow of the considered velocities,
oscillations did not occur. Increasing the angle of attack to 5° resulted in a significant
increase in lift force with only a slight increase in drag force. Further increasing the angle
of attack to 15° and 30° led to significant air resistance with only a minor rise in lift force.
Karman vortices and the associated oscillations of forces in time histories appeared at
an angle of attack of 45°. For this angle of attack, the values of lift and drag forces were
nearly equal to each other. Subsequent changes in the angle of attack to 75° and 90°
resulted in a significant increase in oscillations with increased drag and decreased lift
forces. Furthermore, at a preset angle of 90°, the lift force oscillated around zero while drag
reached its maximum values.

20

10

Angular speed, rad/s
Preset angle, deg

Figure 9. Aerodynamic lift (red) and drag (black) forces acting on the beam for the constant flow
rate; see Equation (7).
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The analogous chart depicting the values of the aerodynamic moment acting on
the beam is presented in Figure 10. For high airflow velocities, negative values of the
aerodynamic moment for angles of attack at 5°, 15°, 30°, and 45° draw attention. The
remaining three angles of attack either exhibit zero moment values for 0° or symmetric
oscillations around zero for 75° and 90°. It is worth noting that slight oscillations also occur
at © = 45° and v = 100 m/s, but they diminish with increasing velocity.

[ 0.05

Moment, Nm
10.00

Figure 10. Aerodynamic momentum acting on the beam for the constant flow rate, see Equation (7).

The above-mentioned aerodynamic loads can induce quasi-static deformations of
mechanical system or excite its vibrations near resonance frequencies. This provides the
foundation for examining another crucial aspect; namely, the frequency windows that
impact the sample, along with the measurement of their magnitudes. In essence, we are
establishing the groundwork for a comprehensive analysis of how specific frequency ranges
may affect the sample and the extent of their influence.

3.2. Frequency Spectra

The time histories were subjected to a Fast Fourier Transform (FFT) to determine the
airflow frequencies. In many cases, the frequency—-magnitude plots exhibited one or two
peaks. In order to consolidate the results, Figure 11 depicts a bubble chart on the rotational
speed vs. response frequency plane. The bubble sizes are normalized to the dominant
value, corresponding to the highest indication, while the remaining values (if present) are
proportionally smaller.

For rotational speeds below 5 rad/s, oscillations occur only at 30°, 45°, and 75°.
Additionally, two harmonics are excited only for preset angle 30° and 45°. For angular
speeds between 5 rad /s and 15 rad /s, a zero-degree angle of attack are inactive. However,
for rotational speeds exceeding 20 rad/s, the first indication is observed at 150 rad/s, and
the second at 300 rad/s.
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Figure 11. Frequency spectra of aerodynamic loads.

The arrangement of bubbles can be divided into two groups: the first group includes
angles of attack of 30° and 45° with a nonlinear trend of decreasing frequency indication
values, while the second group includes 75° and 90° degrees with a trend of increasing
frequency with the rotational speed ¢. The angle of attack 5° has only three data points
and appears to exhibit a linear trend. All time histories containing two distinct indications
show that the lower harmonic has a greater value. However, it is essential to consider
both frequencies to excite or avoid vibrations when their values coincide with the natural
vibration frequencies, as depicted in the Campbell diagrams in Figures 5 and Al as well as
coupled vibration mode shapes presented in Figures 7 and A2-A8.

4. Final Remarks and Further Developments

The numerical tools presented in the paper for the FE method and CFD simulations
depict the issues related to rotating composite laminates, in which, in addition to the
specimen fabrication processes, rotational speed play an important role. After presenting
the linear single modes of vibrations and their corresponding natural frequencies, the
focus shifted towards linear modal interactions and their deformation field description
using an analytical method, considering a combination of two bending directions, i and j;
longitudinal motion k; and torsional I mode shapes. The mechanical system can be subjected
to external loads arising from aerodynamic flow and centrifugal forces. Depending on
whether we want to avoid vibrations or excite them, the natural frequencies must be either
isolated from the excitation frequencies or targeted. Beyond the excitation frequency, the
amplitude and the force/momentum distribution represent critical factors that have a
direct impact on the efficiency of motion excitation. It is worth mentioning the possibility
of indirectly exciting vibrations, for instance, by stimulating torsional modes and utilizing
mechanical couplings to induce significant longitudinal motion. One should consider
various types of internal resonances, external subharmonics, and superharmonics, which
may arise from both linear and nonlinear mechanical couplings.

In the future research development of rotating composite structures, three main topics
will be explored: (i) analytical modelling of vortex-induced vibrations, (ii) the utilization
of an electromechanical system for energy harvesting from mechanical vibrations, and
(iii) control of coupled vibrations via MFC patches. The first topic involves the expansion
of an analytical model presented in the [17]. Besides the nonlinear beam model and
aerodynamic flow, there is a plan to incorporate nonlinear Van der Pol equations based on
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the aerodynamic characteristics of the rectangular cross-section beam and its associated
frequency spectra. The second research area includes experimental measurements on
the prototype presented in [26]. Based on the vibration modes, it is possible to estimate
the optimal location for a harvester that operates proportionally not to the maximum
displacement amplitude, but to the maximum curvature. Furthermore, linearly coupled
modes of vibrations appear to be a choice of higher efficiency. The final issue pertains
to the vibration suppression during rotor operation, which involves avoiding resonant
frequencies associated with aerodynamic flow or an vibration reduction active control by
piezoelectric transducers.

5. Conclusions

The primary objective of this study was to perform experimental and numerical modal
analysis of a composite cantilever beam. In the laboratory investigations with specialized
vibration measurement equipment, detailed maps of beam deformations (mode shapes)
and magnitude-frequency curves were executed. Additionally, in the absence of rotation,
the study conclusively affirmed the absence of linear modal interactions in the composite
beam. Through numerical simulations, we delved into the intricacies of Campbell diagrams,
determining the natural frequencies and their corresponding modal shapes. Our findings
were classified into two distinct categories: the classical single-mode behavior and the
pioneering extension of linearly coupled modal analysis. The two fundamental preset
angles of @ = 0° and ©® = 90° did not have dynamic couplings within the linear range.
However, when the preset angle was adjusted to ® = 30° and ® = 60°, couplings between
linear mode shapes in the plane emerged. Rotational speeds exceeding ¢ = 300 rad/s and
a preset angle of ® = 45° proved to be the most linearly coupled, with flexural-flexural and
longitudinal-torsion modes strongly interfering with each other, respectively. The results
for the preset angle were categorized based on the coupling type and presented graphically.

Notably, we introduced an analytical description of coupled mode shapes, encompassing
various deformations such as bending, longitudinal deformations, and twisting. This contri-
bution is a noteworthy advancement in understanding the behavior of rotating structures.

In addition to the modal analysis, our secondary objective was to assess the lift, drag
forces, and moment characteristics of a rectangular profile in uniform flow. The preset
angle variation between ® = 0° and ® = 90° demonstrated lift/drag force transmission, in
which, for the preset angle of ©® = 45°, these forces were almost equal over the entire range
of rotational speeds. Comprehensive insights into both the static and dynamic aerodynamic
responses acting upon the beam within its operational frequency spectrum were provided.
For preset angles 30° and 45°, the vortex-induced vibrations occurred at very small angular
speed ¢ = 1rad/s, exhibiting two prominent harmonics.

This study represents a substantial step forward in the field of composite rotating
beams, offering a deeper understanding of their dynamic characteristics and their in-
teraction with aerodynamic forces. These findings hold significant promise for various
engineering applications and contribute to the broader knowledge of dynamic systems.
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Appendix A

Radius of a hub, mm

Angular velocity of a hub, rad/s

Length of a beam, mm

Width of a beam, mm

Height of a beam, mm

Preset angle of a beam, °

Effective density of a composite beam, kg/ m3

Mass per unit length of a beam, kg/m

Effective Young modulus of a beam, GPa

Effective shear modulus of a beam, GPa

Effective Poisson’s ratio of a beam, -

Notation for out-of-plane bending deformation of a beam, -
Notation for in-plane bending deformation of a beam, -
Notation for longitudinal deformation of a beam, -
Notation for torsional deformation of a beam, -

linear mode shape projections, m, m, m, rad
Normalized amplitudes of ith linear mode shape, m
Normalized amplitudes of jth linear mode shape, m
Normalized amplitudes of kth linear mode shape, m
Normalized amplitudes of Ith linear mode shape, rad
Characteristic coefficients for ith, jth, kth and /th linear mode shape,
respectively, 1/m, 1/m, 1/m, 1/rad

Linearly coupled mode

nth natural frequency of a beam, rad/s

Linearly coupled mode shape, m, m, m, rad

Weights of a linearly coupled mode shape, -

Air flow velocity, m/s
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Figure A1. Cont.
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Figure A1l. Campbell diagram of the rotating beam for predefined preset angle: (a) 0°, (b) 30°, (c)
45°, (d) 60°, (e) 90°.
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(a) ©(2,1,0,0), w3 =65446rad/s

(c) @(14,3,0,0), w5 = 10918.92 rad/s

(d) ©(0,0,1,13), w3y = 16968.37 rad/s

Figure A2. Linear mode couplings for preset angle © = 45° and ¢ = 300 rad/s.
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(a) ©(2,1,0,0), wy="712.89rad/s

(c) ©(12,3,0,0), wo3 =10986.78 rad/s

(d) ©(0,0,1,13), ws3» = 16959.57 rad/s

Figure A3. Linear mode couplings for preset angle © = 45° and ¢ = 400 rad/s.
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(b) ®(5,2,0,0), wig = 4216.58 rad /s

- =

(c) ©(11,3,0,0), wop =11073.49 rad/s

(d) ©(0,0,1,12), ws3p = 16948.89 rad/s

Figure A4. Linear mode couplings for preset angle ©® = 45° and ¢ = 500 rad/s.
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() ®(0,0,1,11), wpy = 16936.95 rad/s

Figure A5. Linear mode couplings for preset angle ® = 45° and ¢ = 600 rad/s.

(a) ®(1,1,0,0), wy =909.30rad/s

Figure A6. Cont.
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(b) ©(4,2,0,0), wy;=3745.28rad/s

(d) ©(9,3,0,0), wyo = 11268.89 rad/s

(e) ©(0,0,1,9), woy = 16921.87 rad/s

Figure A6. Linear mode couplings for preset angle ©® = 45° and ¢ = 700 rad/s.
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(b) ®(4,2,0,0), wy; =4467.28 rad/s

- L

(c) ©(8,3,0,0), wi7 =11555.41rad/s

(d) ©(0,0,1,10), woq = 16884.80 rad/s

Figure A7. Linear mode couplings for preset angle © = 45° and ¢ = 900 rad/s.
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I__,x e

(a) ©(3,2,0,0), we=3745.47 rad/s

(b) ®(4,2,0,0), w; = 4693.92rad/s

(c) ©(8,3,0,0), w1 =11626.41rad/s

b L

(d) ©(0,0,1,8), wy = 16862.81 rad/s

Figure A8. Linear mode couplings for preset angle ©® = 45° and ¢ = 1000 rad/s.
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Abstract: When subjected to impact loading, aircraft composite structures are usually in a specific
preloading condition (such as tension and compression). In this study, ballistic tests were conducted
using a high-speed gas gun system to investigate the effect of biaxial in-plane tensile preload on
the delamination of CFRP laminates during high-speed impact. These tests covered central and
near-edge locations for both unloaded and preloaded targets, with the test speeds including 50 m/s,
70 m/s, and 90 m/s. The delamination areas, when impacting the center location under 1000 pe,
show a 14.2~36.7% decrease. However, the cases when impacting the near-edge location show no
more than a 19.3% decrease, and even more delamination areas were observed. In addition, in order
to enhance the understanding of experimental phenomena, numerical simulations were conducted
using the ABAQUS/Explicit solver, combined with the user subroutine VUMAT with modified
Hou criteria. The experimental and simulation results were in good agreement, and the maximum
error was approximately 12.9%. The results showed that not only the preloading value but also
the impact velocity have significant influences on the delamination behavior of preloaded CFRP
laminated plates. Combining detailed discussions, the biaxial tensile preload enhanced the resistance
to out-of-plane displacement and caused laminate interface stiffness degradation. By analyzing
the influence of the preloading value and impact velocity on competing mechanisms between the
stress-stiffening effect and interface stiffness degradation effect, the complex delamination behaviors
of laminates under various preloading degrees and impact velocities at different impact locations
were reasonably explained.

Keywords: biaxial tensile preload; delamination; CFRP laminated plate; competition mechanism;
impact loading

1. Introduction

Carbon-fiber-reinforced polymer (CFRP) composites present many excellent mechan-
ical properties compared to traditional metal materials, making them widely used in
aircraft [1]. In the daily usage of civil aircraft, composites may produce damage when suf-
fering various forms of impact loading, such as the impact of birds, gravel, falling tools, and
hail. The predominant impact-induced damages primarily encompass fiber fracture and
matrix crack, with the latter often leading to non-apparent delamination, invisible to the
unaided eye. However, delamination significantly affects the integral stiffness and strength
of composite structures, which may finally result in serious security threats to aircraft.

Over the years, investigations on the impact response of composites have attracted
extensive attention from many scholars, and a number of good papers have been pub-
lished. Due to the limited science and technology available in its early days, the original
research mainly focused on ballistic tests and damage measurements. Lee et al. [2] and
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Cheng et al. [3] carried out a series of impact tests on composites, and the results showed
that the typical damage of composites mainly comprised crushing, fiber tensile fracture, and
delamination. In addition, the ballistic limits of laminates were determined, and the effect
of the projectile shape on perforation was also discussed. Yew and Kendrick [4] introduced
ultrasonic C-scan and cross-section staining methods to detect internal damage in laminates
under impact loads, revealing the anisotropic nature of composite impact damage. With
the development of finite element (FE) technology, more and more scholars have attempted
to investigate this topic by combining tests and simulations. Binienda and Zhang et al. [5,6]
devised an array of experimental approaches and multi-scale numerical methodologies.
These were employed to comprehensively examine the mechanical responses of triaxial
braided composites, effectively establishing the impact threshold and delineating the vari-
ous mechanisms governing damage patterns. Camanho et al. [7], as well as Sridharan and
Pankow [8], posited that cohesive elements exhibit the capability to forecast the initiation
and extension of delamination in composite materials. Rajaneesh et al. [9] formulated finite
element models to explore the high-velocity impact responses of composite materials,
introducing a physically grounded delayed damage model in their research. Furthermore,
Xu et al. [10] conducted ballistic impact tests on CFRP plates under three different condi-
tions: preloaded uniaxial tension, preloaded uniaxial compression, and no preload. They
analyzed the energy absorption efficiency and failure modes and established a theoretical
model based on energy absorption theory. Meanwhile, Qaderi, Ebrahimi, and Vingas [11]
conducted a dynamic theoretical analysis of multi-layer composite beams reinforced with
GPLs using the high-order shear deformation beam theory. They obtained the trends in
the natural frequencies of the system as a function of the system parameters for different
distribution patterns.

Nowadays, the majority of existing studies primarily concentrate on CFRP laminated
plates without prior preloading. Notably, the reviews by Abrate [12] and the investiga-
tions by Reid and Zhou [13] predominantly emphasize the impact behavior of unloaded
composite structures. Consequently, there exists a limited understanding of the impact
properties of composites subjected to preloading conditions. However, composite struc-
tures on aircraft are usually in a specific loading condition (such as tension or compression)
when subjected to impact loading [1]. For instance, during aircraft takeoff and landing
maneuvers, the wing may undergo upward bending, potentially resulting in impact from
debris on the runway. During this phase, the lower skin structure is subjected to significant
tensile loads. Similarly, the upper skin of the wing can encounter impacts from hailstones,
leading to substantial compressive loads on the upper skin structure. Additionally, engine
blades may experience significant centrifugal dynamic loads and aerodynamic forces when
impacted by flying birds. Hence, investigating the influence of preloads on the impact
characteristics of composite laminates becomes imperative.

As an illustration, fuselage skins in aircraft service frequently encounter operational
strains reaching up to 1500 pe [11]. NASA held a seminar and put forward that the preload-
ing effect was critical to the impact damage of composites. The LIBCOS and MAAXIMUS
projects launched by EASA and Advisory Circular 20-107B of the FAA also stated that the
actual tensile or compressive preloads should be considered when analyzing accidental
impact damage. Williams et al. [14] pointed out that the preload’s effect on composite
structures’ impact behavior is a potential problem in aircraft certification. However, most
research focuses on the impact behavior of unloaded composites, and it is vital to study the
impact responses of composites under specific load conditions, especially under preload-
ing conditions.

At present, some studies have been devoted to the experimental and numerical evalu-
ation of the impact behavior of preloaded composites. Both low-velocity and high-velocity
impact tests on preloaded composites have been carried out by using drop-weight test
instruments [14-16], impact pendulums [17], and gas gun devices [18,19]. Moreover,
Mikkor et al. [20] and Pickett et al. [21] conducted explicit FE simulations on the impact
process of unloaded and preloaded laminates using Pam-Crash. Heimbs et al. [1,22] simu-

162



Materials 2023, 16, 6595

lated preloading and impact using a “layered shell” model and “implicit explicit coupling”
in LS-DYNA and ABAQUS, respectively. It should be pointed out that there existed sig-
nificant differences between these presented research studies. Garnier [19], Chiu [23],
and Kelkar [24] proposed that tensile preload leads to an increase in the impact damage
area for laminates. However, the works by Heimbs [22], Robb [25], Garcia Castillo [26],
Zhikharev [27], and Guillaud et al. [28] showed that tensile preload can reduce the de-
lamination area. In addition, investigations by Mitrevski [29], Moallemzadeh [30], and
Choi et al. [31] indicated that tensile preloading levels do not have an effect on impact
damage under low-velocity impact loading. Wang et al. [32] found different delamination
tendencies when impacting two different locations and that the interlaminar stresses in-
duced a weakening effect on delamination. While these investigations present reasonable
findings, further experimental, numerical, and theoretical research is needed to under-
stand how preloads influence the impact response of composite laminates under different
preloading levels and impact velocities.

In the present work, a series of ballistic impact tests were carried out on CFRP lami-
nated plates with two different stacking sequences to understand this topic further. Three
preloading levels (0 pe, 500 pe, and 1000 pe) were realized using a specially designed
preloading device. Moreover, three different impact velocities (50 m/s, 70 m/s, 90 m/s)
and two typical impact locations (center location and near-edge location) were consid-
ered in the ballistic impact tests. Additional numerical simulations were also conducted
in ABAQUS/Explicit to gain further insights into the effects of preloading levels and
impact velocities on the delamination behavior of CFRP laminated plates under impact
loading. Based on the comparison of experimental and numerical results, the influence
of the preloading degree and impact velocity on the competing mechanisms between the
stress-stiffening effect and interface stiffness degradation effect was analyzed.

2. Material Preparation and Experimental Procedure
2.1. Material Preparation, Preloading Fixture, and Test Conditions

The CFRP composite specimens tested in the ballistic impact tests were made of
T700/epoxy resin M10R laminated plates. The laminated plates were prepared to consist
of 16 plies with two types of stacking sequences ([0/90]g and [0/90/+45/—45],s), and
each panel was molded in one shot to produce a nominal fiber volume fraction of 58%.
All specimens were prepared with a size of (300 x 300) mm? by using water jet cutting to
avoid initial damage as much as possible during processing. Figure 1 shows the preloading
fixture assembly, which consists of eight steel clamping pieces, four thick steel frames, and
an extensive steel support. Each side of the specimen was clamped by two clamping pieces,
thus leaving a 210 x 210 mm? free impact zone. A set of eight strain gauges was affixed to
the rear surface of each panel, serving a dual purpose: recording in-plane strain histories
during impact and providing pre-strain control feedback prior to impact. With the support
of these strain gauges, the specific pre-strain could be accurately applied by adjusting
the bolts connecting the clamping pieces with the frames before the impact tests. In the
present work, a series of ballistic impact tests were carried out under different preloads
(0 pe, 500 pe, and 1000 pe) and impact velocities (50 m/s, 70 m/s, and 90 m/s). In addition,
two impact positions (point 1 and point 2) were predetermined for the ballistic tests in
which point 1 was located in the center of the target and point 2 was 70 mm apart from
point 1 in the horizontal direction, as shown in Figure 1. For each loading condition, at
least three valid tests were performed. More than 120 pieces of CFRP laminated plates
were consumed in the ballistic tests.
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Figure 1. Configuration of preloading fixture and strain measurement scheme.

2.2. Ballistic Impact Test Devices

Figure 2 illustrates the one-stage compressed gas gun system used for the high-
speed impact tests for preloaded CFRP laminated plates. The gas gun system comprised a
pressure vessel with a volume of 0.2 m? and a 6.8 m long gun barrel with an inner diameter
of 80 mm. As projectiles, steel spheres with a diameter of 10 mm and a corresponding mass
of 4.05 g were chosen. Specially designed 3D-printed PLA shells were used to support the
projectiles and were accelerated by compressive air in the gun barrel during the impact
test, contributing to the control of the attitude and velocity of projectiles. Two high-speed
cameras were positioned in front of the CFRP laminated plate for specific purposes: one
camera was dedicated to recording the impact position, while the other was utilized to
measure velocity. In addition to using high-speed cameras, the impact velocities of the
projectiles were also measured using a laser velocimeter, which helped us to obtain reliable
and accurate impact velocities. After the impact tests, the specimen’s visible failures were
evaluated first, and then the internal delamination damages were detected using a PAC
ultrasonic C-scan.
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Figure 2. Schematic representation of a single-stage compressed gas gun system.

3. Experimental Results and Analysis

Figure 3a,b show the typical front-view high-speed photographs of point 1 and point 2
on the CFRP laminated plates impacted by steel sphere projectile under the speed of 50 m/s,
respectively. Via the statistical analysis of all experimental data, the deviations between
the actual impact positions and predetermined positions do not exceed 9.8 mm, and the
deviations in the impact speeds do not exceed 4 m/s. The CFRP laminated plates present
smooth circular dents in different degrees on the front side under impact velocities of
70 m/s and 90 m/s, while there is no visible dent in the case of 50 m/s. Furthermore, there
was no observable damage detected on the rear side of any of the targets subjected to impact
velocities of 50 m/s, 70 m/s, and 90 m/s. The delamination areas of the CFRP laminated
plates subjected to various biaxial tensile preloads and impact speeds are summarized in
Table 1 and Figure 4.

(b) : ¢ z Well-controlled

impact position

3/14 ms

Figure 3. Typical high-speed photographs of CFRP laminated plates impacted by sphere steel
projectile under the speed of 50 m/s; (a) impact on point 1 (center location); (b) impact on point 2
(near-edge location).
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Table 1. Delamination areas from C-scan experiments.

Delamination Areas (mm?)

Layups Impact Location Pre-Strain
V =50 m/s V =70m/s V =90 m/s
0 pe 161 £ 6.6 523 4+ 23.2 998 + 11.2
Point 1 500 pe 144 £5.8 378 £ 26.5 828 + 39.7
[0/90] 1000 pe 132 £ 34 331 +£19.3 751 £50.4
8 0 pe 158+ 7.1 525 4+ 19.7 979 4+ 28.1
Point 2 500 pe 184 £7.7 523 +£12.3 859 + 28.3
1000 pe 173 £ 6.2 464 + 34.1 791 £429
0 pe 134 £ 8.9 409 +11.8 826 £ 15.5
Point 1 500 pe 118 £ 6.4 321 £19.1 689 + 44.6
1000 pe 115 +11.2 309 + 33.6 630 + 32.2
[0/90/+45/—45]2s 0 ue 131 +52 415+ 62 8374237
Point 2 500 pe 164 £ 10.7 358 + 38.7 737 + 55.2
1000 pe 154 +£12.3 337 £ 114 724 +18.8
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Figure 4. Delamination areas of CFRP laminated plates under various biaxial tensile preloads
at impact speeds of 50 m/s, 70 m/s, and 90 m/s; (ab) delamination areas of [0/90]g
plates and [0/90/+45/—45]5 plates under 50 m/s; (c,d) delamination areas of [0/90]g plates
and [0/90/+45/—45],5 plates under 70 m/s; (e f) delamination areas of [0/90]g plates and
[0/90/+45/—45]5s plates under 90 m/s.

As vividly shown in Table 1 and Figure 4, for the CFRP laminated plates subjected to

the same impact loading, the delamination areas show a decreasing tendency as the biaxial
in-plane tensile pre-strains increase when impacting the center location (point 1). Moreover,
the typical in-plane strain histories during impact for the CFRP laminated plates under
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5

various biaxial tensile preloads are illustrated in Figure 5a—c, and the strain amplitudes
under various biaxial tensile preloads at different impact velocities (50 m/s, 70 m/s, and
90 m/s) are summarized in Figure 5d—f, based on the in-plane strain histories. The strain
amplitudes at all three impact velocities show a decreasing tendency with the increasing

biaxial in-plane tensile pre-strains.
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Figure 5. In-plane strain histories and strain amplitudes of CFRP laminated plates under various
biaxial tensile preloads; (a—c) typical in-plane strain histories at impact speeds of 50 m/s, 70 m/s, and
90 m/s; (d—f) strain amplitudes calculated from in-plane strain histories at impact speeds of 50 m/s,
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70m/s, and 90 m/s.

Theoretically, when the projectile impacts the CFRP laminated plate, two kinds of
stress waves (transverse wave and longitudinal wave) are generated at the impact point.
These then propagate in the laminated plate along the in-plane direction. The longitudinal
wave only induces longitudinal strain without changing the shape of the CFRP laminated
plate. In contrast, the transverse wave only causes the shape of the CFRP laminated plate to
change but does not produce longitudinal strain. Since the longitudinal wave propagates
outward with a higher speed than the transverse wave [33], the target plate component
passing through the transverse wavefront usually presents with a “V” shape, as shown in
Figure 6a,b. Figure 6¢,d illustrates the enhancement mechanism of the resistance to out-of-
plane displacement for CFRP laminated plates when applying in-plane tensile preloads. As
shown, the unloaded CFRP laminated plate produces resistance force (2 - F'y - sin6') when
suffering impact loading, and such resistance force is derived from the fiber tensile load.
In comparison, the laminated plate provides additional resistance force (2 - F, sin §) when
applying in-plane tensile preloads. It requires more significant impact loading to achieve
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the same bending degree for the preloaded CFRP laminated plate, proving that applying in-
plane tensile preloads enhances the resistance to out-of-plane displacement. That is, when
suffering the same impact loading, there will exist a reduction in the bending degree for
preloaded targets in contrast to unloaded targets, as shown in Figure 6¢,d. Correspondingly,
the delamination propagation of CFRP laminated plates under impact loading is prevented
indirectly when applying in-plane tensile preloads. Therefore, the biaxial in-plane tensile
preloads are supposed to play a positive role in delamination resistance when impacting
the center location of CFRP laminated plates, and such a positive effect is defined as the
stress-stiffening effect.

Transverse wave (b) Transverse wave

_____ ‘F,, l

R ——— — > [EE——

— > —>

Longitudinal wave Longitudinal wave

F._ Th R _F @ pp om m”

0

F, = Fiber tensile load T=2- (F/+F,) sin0
T'=2-F, sin@’ F,=Preload

Figure 6. Enhancement mechanism of resistance to out-of-plane displacement for CFRP laminated
plates when applying in-plane tensile preloads; (a,b) “V” shape caused by longitudinal wave and
transverse wave with and without tensile preloads; (c,d) bending degree of plates with and without
tensile preloads.

In addition, the delamination areas impacting the near-edge location (point 2) of
preloaded CFRP laminated plates are significantly higher than those impacting the center
location (point 1). For both [0/90]g and [0/90/+45/ —45],5 laminated plates under 50 m/s
impact loading, the preloaded targets even show more delamination than unloaded targets,
which can also be observed in the previous work [32]. However, the strain amplitudes
(seen in Figure 5d—f) still decrease as the biaxial in-plane tensile pre-strains increase, which
is almost the same as when impacting the center location of the targets. Moreover, the
energy absorption rate is introduced to further prove the existence of the stress-stiffening
effect when impacting the near-edge location (point 2). During the impact process, most
of the initial kinetic energy of the projectile is absorbed by the target plate in the form of
local damage and global deformation, and a small part of the energy is transferred to the
rebound kinetic energy of the projectile. Therefore, the energy of the projectile absorbed by
the target can be assumed as

1
E=Ey—E =gm- (v9® — v,%) 1)

where Ej and E, denote the initial kinetic energy and rebound kinetic energy of the pro-
jectile, and m is the mass of the projectile. vy is the initial impact velocity of the projectile
which can be obtained using the laser velocimeter. However, it is difficult to measure the
rebound velocity of the projectile v,. Figure 7 shows typical photographs of the impact
process and rebound process of the projectiles taken using the high-speed camera. As
shown, the relations between vy and v, can be depicted as

v _ N; 4+ Ny 4+ N3+ Ny
Oy ny+np +nz +ny

@)
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where N;(i = 1,2,3,4) and n;(i = 1,2,3,4) represent the pixel numbers that are used
for depicting the distances between the projectile positions at even intervals. Based on
the measurements obtained from the high-speed camera and laser velocimeter, the initial
impact velocity and rebound velocity of the projectile can be accurately measured, thus
contributing to the reliable calculation of the energy of the projectile absorbed by the target.
Thus, the energy of the projectile absorbed by the target E can be written as

1 2
E:mvo2.[1_<”1+”2+”3+”‘*)] 3)

1 i
W e
i N L

1k IR
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Figure 7. Typical photographs, taken with the high-speed camera, of the impact process and rebound
process of the projectile.

The energy absorption rate « can be defined as

E ni+ny+n3+ny

= =1_ 4
& Ey <N1+N2+N3+N4> @)

Figure 8 shows the energy absorption rates when impacting the center location (point 1)
and near-edge location (point 2) of unloaded/preloaded CFRP laminated plates at impact
velocities of 50m/s, 70 m/s, and 90 m/s. As shown, for both [0/90]g and [0/90/+45/—45]>g
laminated plates, the energy absorption rates still present decreasing tendencies as the
biaxial in-plane tensile pre-strains increase when impacting the near-edge location, which is
similar to the cases in which the center location is impacted. Therefore, the resistance to out-
of-plane displacement for CFRP laminated plate is still enhanced by biaxial in-plane tensile
preloads, and such stress-stiffening effect still has a positive effect on the delamination
resistance when impacting the near-edge location (point 2) of CFRP laminated plates.
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Figure 8. Energy absorption rates of CFRP laminated plates under various biaxial tensile preloads at
impact speeds of 50 m/s, 70 m/s, and 90 m/s; (a) energy absorption rates when impacting point 1;
(b) energy absorption rates when impacting point 2.

The interface stiffness degradation effect is supposed to have a negative effect on the
delamination resistance of preloaded CFRP laminated plates. Generally, the laminated
plate usually presents tensile-shear coupling or the mismatch of Poisson’s ratio due to the
different ply orientations, thus resulting in the generation of interlaminar normal stress
and interlaminar shear stresses between each two adjacent layers when applying in-plane
tensile preloads [31]. Such interlaminar stresses cause the degradation of the interface
stiffness of CFRP laminated plates to different degrees. Therefore, the interfacial strengths
of the laminated plates are weakened by the preloads induced by the interface stiffness
degradation, which makes delamination even easier to generate and propagate in the
laminated plates when subjected to impact loading. The previous work [32] proposed that
competing mechanisms exist between the stress-stiffening effect and the interface stiffness
degradation effect and influence the delamination behavior of preloaded CFRP laminated
plates. Both the stress-stiffening effect and the interface stiffness degradation effect are due
directly to the application of biaxial in-plane tensile preloads. Moreover, interface stiffness
degradation is to a higher degree at the near-edge location than that at the center location,
which could explain why the delamination areas when impacting the near-edge location
(point 2), are significantly higher than those when impacting the center location (point 1).

It deserves to be noticed that the experimental results indicate that the preloading
value and impact velocity have a significant influence on the competition between the
stress-stiffening effect and the interface stiffness degradation effect. On the one hand,
the decreased delamination areas also tend to increase as the preloading values increase
when impacting the center location. On the other hand, the delamination areas of target
plates under 1000 pe biaxial tensile preloads are always fewer than those under 500 e
biaxial tensile preloads, whether impacting the center location or the near-edge location.
In the following sections, numerical modeling is carried out to gain further insights into
the effect of the preloading value and impact velocity on the competition between the
stress-stiffening effect and the interface stiffness degradation effect.

4. Numerical Modeling and Validation
4.1. Finite Element Modeling

The high-velocity impact tests conducted on both unloaded and preloaded CFRP lam-
inated plates were simulated using the ABAQUS/Explicit solver. Figure 9 shows the mesh
for the L x W = (300 x 300) mm? panel configuration with projectile. Given the widespread
adoption of the 8-node hexahedral cohesive elements introduced by Hillerborg et al. [21]
for predicting delamination in composite materials, a finite element model was constructed.
This model comprised 16 three-dimensional solid plies, each with a thickness of 0.125 mm,
and 15 cohesive plies, each with a thickness of 0.001 mm. It was employed to forecast

170



Materials 2023, 16, 6595

the impact-induced damage in both unloaded and preloaded laminated plates. In detail,
242,064 three-dimensional elements with reduced integration were used to model the
composite material, and 226,935 cohesive elements were applied to model the interface. An
investigation into size dependency was conducted to identify an optimized mesh for impact
analysis. This involved determining the most suitable mesh size through a comparison of
numerical results and experimental data. The failure loads, overall deformation, and crack
tip position, as predicted through the modification of the interfacial strength, exhibited a
high degree of independence from mesh-related variations when the element sizes were
maintained below 3 mm in Turon’s work [34], so the element size was finally set as 2 mm.
In addition, the contact behaviors between the projectile and the target were set using
“General contact” combined with “surface contact” pairs. To perform an accurate contact
analysis between the projectile and laminated plate, the projectile was set as a rigid body,
and its mesh was refined to match the element size of the laminated plate. Additionally, in
the simulations, a viscosity-based stabilization method was implemented to mitigate the
occurrence of hourglass modes within the reduced integration elements.
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Figure 9. Mesh for L x W = (300 x 300) mm? laminated plate; (a) impact on point 1 (center location);
(b) impact on point 2 (near-edge location).

4.2. Material Modeling

To anticipate the deformation and damage of CFRP laminated plates, whether un-
loaded or preloaded, when subjected to a combination of biaxial in-plane tensile preloads
and impact loads, we employed a user subroutine VUMAT. This subroutine relies on an
orthotropic material model and incorporates the revised Hou criterion [35]. This revised
Hou criterion is a strain-based criterion and has been proven to satisfy the modeling of
composite laminated plates under impact loading in previous work [36]. In the present
work, the failure criterion is minorly modified as follows:

(1) Fiber failure:

2 2
2
€ € €
o= () (B (=) = ®
'€ € €
T St St
(2) Matrix cracking (c22 > 0):
:(‘cﬁz_;_ 224_ &)2>1 (6)
" &y, €Sy, €S
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(3) Matrix crushing (o9 + 033 < 0):

2
_ 1( en 2 Yfen o ex

emc_zl _7+<€£> >1 (7)

€5y, 485122'€Yc £y, €5y
where

X, Y; Ye S12 ~ Supz 12 SF 13

S
& = —,¢& = —,¢& = —,¢& = —,¢& = —, & = —,E —78
YT ERT T En T T Ep R G BT Gy F T G Y G ®)

ef, emt, and e, denote the parameters for specific damage; €11, €22, and €33 are the

instant strains in the fiber, transverse, and through-thickness direction; and €1, €13, and €53
. . 12 13 . . .

are the instant shear strains. ex,, €y,, ey, €5,, €5, 3, € Sy and ¢ 5 represent the strain limits

and shear strain limits. X; and Y; denote the tensile strength in the fiber and transverse
direction, Y, is the compressive strength in the fiber and transverse direction, Sy; is the
shear strength in the plane of the fiber and the transverse direction, 5,53 is the shear
strength for matrix cracking in the plane of transverse and through-thickness direction,
and Sy is the shear strength involving fiber failure.

Moreover, a continuous damage evolution model that can characterize the stiffness
variation for composites is established. Here, three failure factors, dq, dp, and d3, are used
to depict the degree of fiber failure, matrix cracking, and matrix crushing with a domain of
[0, 1] as follows:

dy =1 — e Enlen—ex ) (VDG /e )
dy = 1 — o ~Enlen—er*(Vem—DL/Gn) /. /o (10)
dy = 1 — el En(e—er)’ (Vene—DL/Gn) / /oo (11)

where L¢ is the characteristic length, and Gf and G, denote the fracture energy of the
material along the longitudinal and transverse directions, respectively. Therefore, the
variation in the stiffness of composites can be depicted as follows:

Cill = (1 - dl)clll ng = (1 - dz)sz
Cfy = C4 = (1 —d1)(1 - dy)Cra
dCf3 =C§ = (1-dy)(1 *dd3)C13,Cg3 =Ch=01- dﬁ)(l —d3)C3
Ciy= (1—dy)(1 —dp)Cas,Cé5 = (1 —d1)(1 —d2)Cs5,Cg = (1 —d1)Ces

(12)

where C;; and ij represent the stiffness coefficients before and after the onset of the
particular damage, respectively.

The initiation of delamination in the applied cohesive elements is determined through
the utilization of a mixed-mode secondary stress criterion. The progression of delamination
is depicted by employing the coupling secondary critical energy release rate criterion.
However, there are some difficulties in determining the interlaminar stiffness since the
thickness of the cohesive layer is usually small in the numerical model. In this study, the
interlaminar stiffness was obtained by referring to Daudeville et al.’s work [37] and Turon
et al.’s work [34], expressed as follows:

AE

"l

Kss = Tls (13)
2AG;

Ky = =52
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where T is the thickness of the single composite layer, and its value is 0.125 mm in this study.
A denotes an empirical coefficient. After applying the cohesive layers, the equivalent elastic
modulus of the laminated plates along the thickness direction can be measured using

Es3
1+ %

Eoff = (14)

where A is taken as 50 to set the difference between E,f; and E33 as 5%. By referring to De
Moura’s work [38], the strengths of the cohesive layers are replaced by in-plane parameters,

as follows:
Oy = Yt
0s = S12 (15)
0t = Sp23

where 0, is the normal strength of the cohesive layer, and s and o} are the shear strengths
of the cohesive layer. Table 2 presents the orthotropic material properties of the composite
lamina and the properties of the cohesive elements governing the interface.

Table 2. Orthotropic material properties for composite lamina and cohesive element properties
for interface.

Materials Parameters Values

Density p = 1510 kg/m?3
Ell =151.8 GPa, E22 =12 GPa

Young’s modulus Giz = G13 = 3.3 GPa, Gy3 = 2.0 GPa

Composite lamina Poisson’s ratio v1p = V13 = 0.03, vp3 = 0.38
X =1872 MPa, Y. = 150 MPa,
Strength Y; =34 MPa
512 = Sm23 =100 MPa, Sf =160 MPa
Fracture energy Gf=92,000]/m?, Gy = 600 J/m?
Density p = 1000 kg/m?3
_ 6 3 —
Interface Stiffness Ijrg 6;4%813611(\)1 /ﬁinn;m Kss =K
Strength 0y =34 MPa, 05 = 0; =100 MPa
Fracture energy Gic =600 ]/m?2, Gye = Gype =1200 J/m?2

4.3. Preloading Step and Impacting Step

In order to continuously simulate the impact process of the composite under preload-
ing conditions, the restart analysis function was employed to realize a preloading step
followed by an impacting step in sequence. Firstly, a dynamic explicit step was established
to apply in-plane tensile preloads on the laminated plate. In this step, the displacement,
defined by the smooth step amplitude curve, was applied to all nodes in the regions that
connected with the loading blocks to avoid the influence of an inertia force caused by the
discontinuous loading rate [37]. Figure 10 shows the in-plane strain distributions along the
horizontal and vertical directions for [0/90]g laminated plates under 1000 pe biaxial tensile
preloads. The strain distributions of the impact regions are almost smooth and uniform,
indicating that the proposed method is feasible and efficient. After checking the value of
the biaxial in-plane tensile pre-strains, the following impacting step was conducted based
on the calculated result from the previous preloading step by employing restart analysis in
the ABAQUS explicit solver.
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Figure 10. In-plane strain distributions along the horizontal and vertical direction of preloaded
[0/90]g laminated plates.

4.4. Validation

To ensure the numerical model’s accuracy, the strain histories of the experiments and
numerical results were first compared. As shown in Figure 11, the levels and tendencies
of the simulation strain histories were comparatively coincident with the experimental
results. Moreover, the delamination areas of the targets between the measurements and
computations were also compared to support the further validation of the numerical model,
as shown in Figure 12 and Table 3. Since the projection of the delamination area could not
be output by ABAQUS, a mini software processed by Python language was designed to
calculate the total projected areas of delamination. The work logic of mini Python software
is divided into the following steps: output the stiffness degradation field information
of each cohesive element layer, compare the scalar stiffness degradation (SDEG) on the
same vertical coordinate longitudinally, overwrite the SDEG value circularly, obtain the
continuous stiffness degradation field via linear interpolation, and calculate the projected
area for stiffness degradation SDEG > 0.999. The numerical results also showed good
agreement with the C-scan results, proving that the numerical simulation method applied
in this study is appropriate for modeling the delamination behavior of preloaded CFRP
laminated plates.
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Figure 11. Comparison of typical strain histories between experiments and simulations; (a) strain
gauge 4 on [0/90]g plate; (b) strain gauge 2 on [0/90/+45/—45],s plate; (c) strain gauge 1 on
[0/90/+45/—45],s plate; (d) strain gauge 3 on [0/90]s plate.
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Figure 12. Comparison of typical delamination between experiments and simulations; (a) impact

on point 1 of 1000 pe preloaded [0/90]g plates at speeds of 50 m/s; (b) impact on point 2 of 1000 e
preloaded [0/90/+45/—45],5 plates at speeds of 50 m/s; (c) impact on point 1 of 1000 pe preloaded
[0/90]s plates at speeds of 70 m/s; (d) impact on point 2 of 500 pe preloaded [0/90/+45/—45]5s
plates at speeds of 70 m/s; (e) impact on point 1 of 1000 pe preloaded [0/90/+45/ —45],5 plates at

speeds of 70 m/s; (f) impact on point 1 of unloaded [0/90]g plates at speeds of 90 m/s.

Table 3. Comparison of delamination areas between experiments and simulations.

Numerical Delamination Area (mm?) and Errors

Layups .
Impact Location Pre-Strain V =50 m/s Errors V =70m/s Errors V=90 m/s Errors
0 pe 171 6.2% 513 —1.9% 970 —2.8%
500 pe 152 5.5% 364 —3.7% 758 —8.5%
[0/90]g 1000 pe 135 2.3% 315 —5.1% 671 —10.7%
Pointl /Point 2 0 pe 171 8.2% 513 —2.3% 970 —0.9%
500 pe 193 4.9% 476 —9.0% 798 —7.1%
1000 pe 177 2.3% 428 —7.8% 755 —4.6%
0 pe 142 6.0% 444 8.6% 849 2.8%
500 pe 125 5.9% 315 —1.9% 736 6.8%
[0/90/+45/ —45],g 1000 pe 113 —4.9% 269 —12.9% 613 —2.7%
Pointl /Point 2 0 pe 142 7.6% 444 7.0% 849 1.4%
500 pe 156 —4.9% 373 4.2% 769 4.3%
1000 pe 149 2.3% 300 —11.0% 662 —8.6%

5. Discussion

From the experimental and numerical results, it can be found that the preloading value
and impact velocity have a significant influence on the delamination behavior of preloaded
CFRP laminated plates. In this section, based on the verified numerical simulation method,
the effects of the preloading degree and impact velocity on the delamination resistance will
be discussed in detail by conducting a series of simulations.
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5.1. Influence of Biaxial Tensile Pre-Strains Value

Figure 13 shows the numerical delamination areas of CFRP laminated plates un-
der various biaxial tensile preloads when impacting different positions at velocities of
50m/s, 70 m/s, and 90 m/s. As shown, the delamination areas gradually increase when
moving the impact location from the center to the near-edge location. The [0/90]s and
[0/90/+45/—45],g targets under 500 pe and 1000 pe show more delamination than un-
loaded targets when impacting the near-edge location at 50 m/s. Figure 14 shows the stiff-
ness degradation of [0/90]g CFRP laminated plates under various biaxial tensile preloads.
Using the toggle global translucency function in ABAQUS/Explicit shows that the CFRP
laminated plates present different degrees of interface stiffness degradation at different po-
sitions when applying various biaxial tensile preloads. The interface stiffness degradations
at the near-edge location are significantly higher than those at the center location (almost no
interface stiffness degradation), which results in the interfacial strengths of the laminated
plates at the near-edge location being weaker than those at the center location. Thus, both
the experimental and numerical results indicate that the preloaded targets generate more
delamination at the near-edge location in comparison to the center location when suffering
impact loading.
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Figure 13. Numerical delamination areas of CFRP laminated plates under various biax-
ial tensile preloads when impacting different positions. (a,b) delamination areas of [0/90]s
plates and [0/90/+45/—45]55 plates under 50 m/s; (c,d) delamination areas of [0/90]g plates
and [0/90/+45/—45],s plates under 70 m/s; (e f) delamination areas of [0/90]g plates and
[0/90/+45/—45],g plates under 90 m/s.
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Figure 14. Stiffness degradation of [0/90]g CFRP laminated plates under various biaxial ten-
sile preloads.

It should be noted that the delamination areas of target plates tend to decrease as
the biaxial tensile pre-strains increase for all impact locations, from the center location
(point 1, off-center distance is 0 mm) to the near-edge location (point 2, off-center distance
is 70 mm). In particular, the preloaded targets present relatively fewer delamination areas
at the near-edge location than unloaded targets when the preloading value is increased
([0/90]g from 500 pe to 1500 pe, [0/90/ + 45/ —45]rg from 500 we to 1300 we). Since the
delamination behavior of preloaded CFRP laminated plates is influenced by the competing
mechanisms of the stress-stiffening effect and the interface stiffness degradation effect, it
can be considered that the positive effect had on the delamination resistance by stress-
stiffening gradually gains an advantage compared to the weakening effect had on the
delamination resistance by interface stiffness degradation when the preloading value is
increased. With the increase in the biaxial tensile pre-strains value, both the positive effect
of stress-stiffening and the weakening effect of interface stiffness degradation are gradually
enhanced. However, the enhancement degree of these two competitive factors is different.
As can be seen in Figure 6, due to the linear elastic characteristic of composite material, the
additional resistance force 2 - F, sin  induced by the preload is also linear elastic. Thus, the
stress-stiffening effect on the delamination resistance is almost linearly enhanced when the
biaxial tensile preloads are increased linearly. Figure 15 illustrates the schematic diagram
of the stiffness degradation for the interface layer based on the bilinear constitutive model.
As shown, the degree of stiffness degradation for the interface gradually reduces when
the pre-strain/deformation is increased linearly. Figure 16 also shows the SDEG output
by Python software based on the numerical results. As shown, the stiffness degradation
degrees at all five assigned locations tend to decrease as the biaxial tensile preloads increase
linearly. Therefore, the stress-stiffening effect will gradually gain an advantage over the
interface stiffness degradation effect when the biaxial tensile pre-strains value is increased.
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Figure 15. Schematic diagram of stiffness degradation for interface layer based on bilinear constitutive

model; (a) bilinear constitutive model; (b) stiffness degradation for the interface layer.
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(b) [0/90/+45/—45],s plates.

5.2. Influence of Impact Velocity

Both experimental and numerical results showed that when impacting the near-edge
location at impact velocities of 50 m/s, preloaded CFRP laminated plates present more
delamination areas than unloaded targets. However, by increasing the impact velocity from
50 m/s to 70 m/s, the preloaded CFRP laminated plates show fewer delamination areas
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in comparison to unloaded targets, which can also be found in the case of impacting the
near-edge location of CFRP laminated plates at the impact velocity of 90 m/s. Figure 17a
shows the numerical delamination areas of [0/90]g plates under various biaxial tensile
preloads (0 pe, 500 pe, and 1000 pe) when impacting different positions at four different
impact velocities (30 m/s, 50 m/s, 70 m/s, and 90 m/s). The preloaded targets present
relatively fewer delamination areas at the near-edge location than unloaded targets when
the impact velocity is increased to 70 m/s and 90 m/s, which stands in sharp contrast to
the case at impact velocities of 30 m/s and 50 m/s. Assuming that the stiffening region of
the preloaded CFRP laminated plate is the distribution range and that the delamination
areas of the preloaded targets are less than those of unloaded targets, it can be seen that the
stiffening regions constantly expand their scopes with the increase in the impact velocity.
For example, the stiffening region of the 500 e preloaded target expands its scope from the
30 mm off-center distance to 43 mm off-center distance by increasing the impact velocity
from 30 m/s to 50 m/s. In addition, when suffering the 70 m/s impact loading and 90 m/s
impact loading, the delamination areas of the preloaded targets are less than those of
the unloaded targets at all eight impact locations from the center location to the 70 mm
off-center distance. This means that the stiffening regions for both the 500 pe and 1000 pe
preloaded targets expand their scope to all impact locations.
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Figure 17. Numerical delamination areas and stress-stiffening effect mechanism under different
impact velocities; (a) numerical delamination areas when impacting different positions of [0/90]s
plates under different impact velocities; (b) stress-stiffening effect mechanism under different im-
pact velocities.
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The mechanism of the stress-stiffening effect at various impact velocities is depicted in
Figure 17b. It is evident that the out-of-plane displacements of targets subjected to identical
biaxial tensile pre-strains increase proportionally with the projectile’s impact velocity, thus
resulting in 61 < 6, < 63 < 604. Therefore, the additional resistance forces induced by
biaxial tensile preloads also increase as the impact velocity increases, depicted as follows:

2-Fsinf; <2-Fsinf, < 2-Fsinfy < 2- Fsinb, (16)

Therefore, as the impact velocity increases, the positive effect of stress stiffening on
the delamination resistance gradually enhances while the weakening effect of interface
stiffness degradation on delamination resistance remains the same, indicating that the
stress-stiffening effect gains an advantage over the interface stiffness degradation effect
when competing to have an effect on delamination resistance.

6. Conclusions

An extensive investigation was conducted by combining ballistic impact tests, dy-
namic finite element simulations, and theoretical analysis to further understand the impact
delamination behaviors of CFRP laminated plates under biaxial tensile preloads. The main
conclusions were as follows:

(1) Both the experimental findings and simulations consistently illustrated that biaxial
tensile preloading could bolster resistance to out-of-plane displacement, thereby
exerting a beneficial influence on the delamination resistance of CFRP laminated
plates (14.2~36.7% decrease in delamination areas under 1000 pe). However, no more
than a 19.3% decrease in delamination areas was observed when impacting the near-
edge location, and the case under impact velocity of 50 m/s even showed increasing
delamination areas. This phenomenon indicates that applying preloads was also
supposed to induce the interface stiffness degradation effect, which was considered a
negative effect on delamination resistance.

(2) The impact velocity can influence the competing mechanisms of the stress-stiffening
effect and the interface stiffness degradation effect. Since the degree of interface
stiffness degradation for CFRP laminated plates with specific stacking sequences is
the same when applying the same biaxial tensile preloads, the influence of impact
velocity on the competing mechanisms of the stress-stiffening effect and the interface
stiffness degradation effect is mainly caused by the influence of impact velocity on
the stress-stiffening effect.

(3) Innear-edge location ballistic tests, it was noted that the preloaded CFRP laminated
plates exhibited increased delamination compared to the unloaded target at an impact
velocity of 50 m/s. However, at impact velocities of 70 m/s and 90 m/s, the preloaded
CFRP laminate plates displayed reduced instances of delamination in comparison
to the unloaded target. It can be concluded that the stress-stiffening effect becomes
progressively more dominant than the interface stiffness degradation effect as the
preloading value and impact velocity increase.

(4) A conceptual framework involving the competing mechanisms of the stress-stiffening
effect and the interface stiffness degradation effect has been formulated to elucidate
the impact of biaxial in-plane tensile preloads on delamination behavior, and such
a competitive mechanism was found to be influenced by the preloading value and
impact velocity. With an increase in the biaxial tensile pre-strains value or impact
velocity, the stress-stiffening effect gradually gained an advantage over the interface
stiffness degradation effect. Considering the effect of the preloading degree and
impact velocity on the competitive mechanism, the complex delamination behaviors
at different impact locations of CFRP laminated plates under various preloading
degrees and impact velocities were reasonably explained.
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Abstract: Electromagnetic spring active isolators have attracted extensive attention in recent years.
The standard Bouc—-Wen model is widely used to describe hysteretic behavior but cannot accurately
describe asymmetric behavior. The standard Bouc-Wen model is improved to better describe the
dynamic characteristic of a toothed electromagnetic spring. The hysteresis model of toothed elec-
tromagnetic spring is established by adding mass, damping, and asymmetric correction terms with
direction. Subsequently, the particle swarm optimization algorithm is used to identify the parameters
of the established model, and the results are compared with those obtained from the experiment.
The results show that the current has a significant impact on the dynamic curve. When the current
increases from 0.5 A to 2.0 A, the electromagnetic force sharply increases from 49 N to 534 N. Under
different excitations and currents, the residual points predicted by the model proposed in this work
fall basically in the horizontal band region of —20-20 N (for an applied current of 1.0 A) and —40-80 N
(for an application of 4.5 mm/s). Furthermore, the maximum relative error of the model is 12.75%.
The R? of the model is higher than 0.98 and the highest value is 0.9993, proving the accuracy of the
established model.

Keywords: electromagnetic spring; dynamic characteristic; Bouc-Wen model; particle swarm

algorithm; experiment

1. Introduction

Vibration is a common physical phenomenon in engineering and technology, affect-
ing the operation of the equipment and the mechanical power system while reducing its
lifespan [1,2]. The traditional passive vibration isolation system has been widely used in
vibration isolation due to its simple structure and low cost [3-5]. However, traditional
vibration isolation systems cannot be adjusted in real time based on changes in external
excitation frequency. With the high-precision requirements related to precision manufac-
turing and measurement and the demand for environmental noise reduction, traditional
passive systems can hardly meet the increasingly strict vibration control requirements [6].
As an active vibration isolation system, electromagnetic springs have the characteristics
of fast response, non-contact, and adjustable stiffness [7,8], indicating that it has broad
application prospects, especially in the reduction in the vibration of marine engines and air
compressors [9-11].

Researchers have studied many types of electromagnetic springs and their models.
Batdorff et al. [12] proposed a method for calculating multiple-edge magnetic conductance
and magnetic leakage in axisymmetric electromagnetic devices. Moreover, the authors
established an analytical model of electromagnetic force using the equivalent magnetic
circuit method, significantly improving the model’s accuracy. Ertugrul et al. [13] proposed
a new segmented magnetic equivalent circuit method to analyze the magnetic force of
the hybrid electromagnet system. In addition, the force characteristics and magnetic field
distribution were studied and the results were compared with finite element analysis to
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verify the effectiveness of the method. Sun et al. [14] constructed a new type of electro-
magnetic negative stiffness spring using a coaxial permanent magnet ring magnet and
rectangular cross-section coil. Furthermore, they established an analytical model based
on the filament method to quantitatively study the factors affecting electromagnetic force
and stiffness characteristics. Wu et al. [15] established the stiffness analytical model of
negative stiffness array magnetic spring based on the magnetic charge model and validated
the results via static experiments. Li et al. [16] proposed an improved current filament
method, which uses the equivalent circuit principle and considers the skin effect to improve
the model’s accuracy by calculating the current of the electromagnetic forming coil and
the electromagnetic force of the workpiece. Wang et al. [17] conducted in-depth research
on the multi-gap permanent magnet-biased axial magnetic bearing, solved the magnetic
leakage of the magnetic bearing using Laplace’s equation and established an accurate
analytical model.

The Bouc-Wen model is widely used to represent the properties of materials. The model
has an efficient shape control flexibility and was proposed to describe highly asymmetric
hysteresis [18-20]. In this work, based on the standard Bouc-Wen model, the hysteresis
model of a toothed electromagnetic spring is established by introducing the mass, damping,
and asymmetric correction terms, while the accuracy of the model is proven by experiments.

2. Structure and Principle of a Toothed Electromagnetic Spring

A toothed electromagnetic spring has an axisymmetric structure mainly composed of
a motor, stator, coil, and air gap, as shown in Figure 1. The rotor and stator of the toothed
electromagnetic spring are arranged with annular teeth of the same size with an air gap
between each pair of teeth. The coil is usually wound around the actuator. When the
current flows into the coil, the actuator generates an electromagnetic field and flows into
the stator’s tooth ring through the air gap. Then, the field flows back into the rotor through
the air gap, forming a closed loop.

(@ | (b)

i E;ﬂi ~Motor

_}-Stator

~Coil

Figure 1. Structure and magnetic circuit of the electromagnetic spring: (a) schematic diagram of the

toothed electromagnetic spring structure and (b) schematic diagram of the magnetic field.

The rotor and the stator of the toothed electromagnetic spring are usually processed
with high-permeability materials. At the same time, the air permeability is much lower
than that of the rotor and stator. Therefore, the magnetic circuit of the electromagnetic
spring is consistent with the direction along the dotted line in Figure 1b, and there is
rarely magnetic leakage. Figure 2 shows the relationship between the axial displacement
of the rotor (x) and the electromagnetic force generated by the toothed electromagnetic
spring (F). When the axial displacement of the rotor is zero, the electromagnetic spring is
in equilibrium. Consequently, the magnetic teeth of each rotor and stator correspond to
each other. The electromagnetic force generated between the magnetic teeth only exists
in the radial direction, and the resultant force is zero. When the rotor produces axial
displacement, there is a displacement deviation between the rotor’s magnetic teeth and the
stator’s. At this time, an electromagnetic force is generated between the magnetic teeth,
which is approximately proportional to the axial displacement of the rotor within a certain
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range. Therefore, the electromagnetic force generated by the electromagnetic spring can be
adjusted by modifying the coil current, ultimately adjusting the stiffness characteristics of
the electromagnetic spring.

Fl

Y

Figure 2. Electromagnetic force characteristics of a toothed electromagnetic spring.

3. Establishing the Model
3.1. Standard Bouc—Wen Model

The standard Bouc-Wen model was first proposed by Bouc [21] to characterize the
hysteretic characteristics of materials. Then, the model was further extended by Wen [22].
The standard Bouc-Wen model has been widely used to describe hysteretic nonlinear
models, such as piezoelectric actuators and magnetorheological dampers [23,24].

The standard Bouc—-Wen model can be decomposed into linear yield and nonlinear
hysteresis springs connected in parallel, as illustrated in Figure 3. The hysteresis character-
istics of this model can be described through a first-order differential equation, as shown in
Equation (1) [25]:

{ F(t) = F+ F, = zx%x(t) +(1-a)FZ 0

az _ ; n

28 = o{A— [y +psgn(x2)]|Z|"}
where F represents the restoring force of the system, Fy represents the linear spring-restoring
force, F, represents the nonlinear hysteretic-restoring force, Fy, represents the yield force, uy
represents the yield displacement, x represents the relative displacement, Z represents the

dimensionless hysteretic variable, sgn() represents the symbolic function, x represents the
relative velocity, and A, 7, and B are the shape parameters of the standard Bouc-Wen model.

Linear yield spring

Nonlinear hysteresis spring

F, 4

1]
L |/

X

Figure 3. The standard Bouc-Wen model.

However, the standard Bouc-Wen model has many parameters, resulting in complex
mathematical expressions. Therefore, Vincenzo [26] derived a standard model, which is
more concise and conducive to studying parameter identification.
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The standard Bouc—Wen model can be expressed as follows:

d . _ .
d—j :p[v—alx“zﬂ” lz+(0—1)x\z|"} )

where p and ¢ are the shape parameters of the Bouc—-Wen model, with p = uy% > 0and

o= /%iv > 05 ¢ = ¢/ /Slﬁ;v’ n > 1, and z is a non-observable dimensionless hysteretic
variable, with z € [—1,1].

This section aims to explore the impact of these parameters on the hysteresis curve of
the system by adjusting the shape parameters of the standard Bouc-Wen model. The per-
formance curve of Equation (2) is shown in Figure 4 by changing the parameters p, o, and
n. Figure 4a shows the hysteresis curve under different values of parameter p. It can be
seen that p mainly changes the hysteresis characteristic of the hysteresis curve at the end
of the forward and reverse motion. The higher the p, the more obvious the hysteresis
phenomenon. Similar to parameter p, a higher value of ¢ increases the hysteresis area,
while the influence is not so obvious when ¢ > 8. The parameter n mainly influences the
bending shape of the hysteresis curve. With a smaller value of #, the bending radius of the
curve increases, and the curve transition becomes smoother.

() ©"

05 05

0.0

Hysteretic variable z
°
S
Hysteretic variable 7
Hysteretic variable z

=05 |

1o -05 0.0 05 10 10,3 05 0.0 10

X 05 1.0
Displacement (mm) Displacement (mm) Displacement (mm)

Figure 4. Effect of standard parameters on the hysteresis curve: (a) effect of parameter p on the
hysteresis curve (o = 1, n = 2), (b) effect of parameter ¢ on the hysteresis curve (o = 2, n = 2), and
(c) effect of parameter 1 on the hysteresis curve (0 =1, p = 2).

3.2. Improved Bouc—Wen Model

The hysteresis curve produces different magnitudes when the electromagnetic spring
actuator moves forward and backward; therefore, the model exhibits asymmetry. Thus, the
standard Bouc-Wen models cannot accurately describe its asymmetric hysteresis character-
istics. Hence, it is necessary to improve the Bouc-Wen model.

The Bouc-Wen model shape control function is segmented based on the movement
direction of the toothed electromagnetic spring to produce differences in the hysteresis
curves of different movement directions, as shown in Equation (3):

p = [A1sgn(v) + Ay 3)

The dynamic forces of electromagnetic springs are divided into linear and hysteresis
parts due to the nonlinearity of both static and dynamic forces of electromagnetic springs
while considering the addition of mass and damping terms. Thus, Equation (1) can be
written as Equation (4):

F =kiz+kox + cx + mx .
% — [isgn(3) + Aol [0 — oi|lz" 2 4 (0~ 1)ilz]"] @)
where kj is the nonlinear stiffness of the electromagnetic spring; k; is the linear stiffness; A4,

Ay, 0, and n are the shape parameters of the improved Bouc-Wen model; m is the mass of
the mover; and c is the system damping.
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The experimental data at a current of 1.5 A were taken to study the effect of changes in
parameters A1 and A; on the dynamic characteristics of the toothed electromagnetic spring,
and the results are shown in Figure 5.

200 200

(a) (b) =1
- = =2
100 100 ©°°
z z
3 @
£ 0 g of
& £
-100 -100f
_zoq L ' L L L -200
-15 -1.0 -0.5 0.0 0.5 1.0 15 -15 -1.0 -0.5 0.0 0.5 1.0 15
Displacement (mm) Displacement (mm)

Figure 5. Hysteresis curves for different parameters: (a) A; and (b) A;.

The experimental results of changing the parameter A; (A; = 2) and changing the
parameter A, (A1 = 0.5) are shown in Figure 5a,b, respectively. Figure 5 shows that, the
larger A1 is, the more pronounced the hysteresis curve is in asymmetry. As A, increases, the
hysteresis phenomenon of the entire model becomes more pronounced, but the degree of
asymmetry decreases accordingly.

3.3. Parameter Identification Method

After the dynamic output force and displacement data of the toothed electromagnetic
spring were experimentally measured, the dynamic output force and displacement were
simulated by the Bouc—-Wen model, and the parameters were identified by the algorithm.
The commonly used parameter identification algorithms for hysteresis models include the
least square method, artificial neural networks, and particle swarm optimization. The least
squares method requires multiple iterations to solve the nonlinear models, and the calculation
is relatively complex. The artificial neural network method requires a large amount of training
data, and the grid parameters must also be adjusted multiple times. The particle swarm
optimization algorithm can perform a global search in parameter space and adaptively adjust
the search direction and range, making it widely used in parameter recognition. Therefore, the
particle swarm optimization algorithm was used to identify the hysteresis model parameters
of the toothed electromagnetic spring, and the flowchart is shown in Figure 6.

Start

- N
Setting the size, initial position, and
initial velocity of the particle swarm

i

[ Calculating objective function ]<;

l

Updating the position and velocity of

particles
_— /V/\V\;‘\
__— TIfthecalculaion ———_ No
T issatisfied
Yes
Y
End

Figure 6. Flowchart of the particle swarm optimization algorithm.
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According to Equation (4), the model has six unknown parameters. Due to differences
in the Bouc-Wen model of the toothed electromagnetic spring, the model does not have a
true solution, and it cannot be determined whether the solution is optimal. Therefore, the
velocity and position of particles were updated according to Equation (5):
xi‘H—l — xk+ xi;+1
(Wmax —Wmin )k (5)

kmax

= wvé‘ + i (pi — xf‘) +cora(pg — xf‘)

W = Wmax —

U;H-l

where p; is the best position for oneself, p; is the best position for the entire population,

w is the inertia weight, ¢; and ¢, are learning factors, ; and r, are random numbers, v;

is particle velocity, x; is the particle position, k is the current iteration number, kmax is the

maximum iteration number, vmax is the inertia weight at the beginning of the iteration, and
Umin is the weight at the end of the iteration.

A fitness function needs to be used to evaluate the advantages and disadvantages
of the solution. In this work, the root-mean-square error between the test value of the
electromagnetic spring output force and the calculation result was taken as the fitness
function, as shown in Equation (6).

(6)

where N; is the total number of samples; and F; and F are the measured and calculated
values of the output force of the toothed electromagnetic spring, respectively.

4. Experimental Validation
4.1. Experimental System and Results

The test flowchart and platform of the toothed electromagnetic spring are shown in
Figure 7. The DC power supply outputs different currents (or electric cylinder produce
different moving speeds), so the electromagnetic spring receives current (or speed) pulses
and produces electromagnetic force and displacement. Then, the force sensor and the
displacement sensor collect the force and displacement signals, respectively, and send them
to the computer for signal processing. During the test, the displacement of the actuator of
the electromagnetic spring was adjusted to 1.3 mm, and a constant current was applied
to the coil. The electric cylinder was controlled to move at a constant speed until the
actuator moved to —1.3 mm. Then, the electric cylinder was controlled to move in the
opposite direction at the same speed until the displacement of the actuator reached 1.3 mm.
The main technical specifications for the experimental system are illustrated in Table 1.
Additionally, a 1 mm polyester imide enameled wire was selected as the solenoid coil in
this experiment, with a safe current of 2.75 A and 390 turns.

Table 1. The main technical specifications for the experimental system.

Equipment Model Parameters Manufacture

Range: 0-5 kN
Accuracy: 0.015%F.S
Range: 0-12.5 mm

Force sensor AR-DN23 Ailixun, Chian

Displacement sensor ML33-12.5-A Accuracy: 0.1 %ES Miran, China
Servo electric ECMA-C200807SS Output: 3000 rpm Delta, China
Power supply DC-3010D Range: 0-10 A, 0-30 V Yihua, China
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Figure 7. The toothed electromagnetic spring of (a) the test flow chart and (b) test platform.

Figure 8 shows a significant hysteresis phenomenon between the output force and
displacement of the toothed electromagnetic spring. According to Figure 8a, the force—-
displacement curve exhibits asymmetry when the electromagnetic spring actuator moves in
the forward and opposite directions. In addition, under the same current, when the velocity
of the mover changes, a significant change in its hysteresis phenomenon is also observed.
With the decrease in the moving speed of the actuator, the output force-displacement
hysteresis of the electromagnetic spring decreases significantly, and the parallel part of
the hysteresis curve with the static curve increases. When the velocity of the actuator is
small enough, it can be assumed that the dynamic electromagnetic force characteristics
of the electromagnetic spring are the same as those of the static electromagnetic force
characteristics. Figure 8b shows the output force-displacement characteristics of the
toothed electromagnetic spring under different currents at a rotor speed of 4.5 mm/s.

210 600
(a) Static electromagnetic force (b)
140 400 [
70 200
Z Z
o £ of
= =
=70 -200f
-140 -400[
-210 L L L L L ~600 L 1 L L L
-5 -1.0  -05 0.0 0.5 1.0 15 -15  -10  -05 0.0 0.5 1.0 15
Displacement (mm) Displacement (mm)

Figure 8. (a) Dynamic output force-displacement curve at the current of 1.0 A and (b) output
force-displacement curve at different currents at the speed of 4.5 mm/s.

According to Figure 8b, the hysteresis of the electromagnetic spring gradually in-
creases with the current, i.e., the output force under the same displacement gradually
increases. This phenomenon indicates that the electromagnetic spring’s stiffness increases
with the current. The increase in the hysteresis also indicates that the nonlinear degree of
electromagnetic spring increases gradually during dynamic works. Therefore, in practical
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applications, it is necessary to conduct reasonable current control according to specific
requirements to provide the required output characteristics.

4.2. Model Verification

The parameters in the Bouc—-Wen model change due to different hysteresis characteris-
tics. In this work, the output force test data generated under different current and speed
excitation conditions were selected as F;. The particle swarm optimization was used to iden-
tify the parameters of the improved Bouc-Wen model, in which wmax = 0.9, wpin = 0.4,
Clint = 2, C2int = 2, C1fin = 4, and Cofin = 4.5 were considered. Additionally, the number
of population particles was set to 100. The maximum number of iterations was 200, and
the range of values for each parameter of the Bouc-Wen model is shown in Table 2.

Table 2. Range of the model parameter values of the Bouc—Wen.

Parameters Value
o (0.5, 100]
n (1,20]
A [0, 10]
A (0, 10]
kq (0, 1000]
ko (0, 1000]
c (—o00, +00)

Table 3 shows the parameter identification results of the improved Bouc-Wen model
using particle swarm optimization. The hysteresis loop of the restoring force of the toothed
electromagnetic spring can be reconstructed according to the identification results. A
comparison between the estimated curves fitted by the proposed model and experimen-
tally measured results was performed to verify the accuracy of the established model, as
illustrated in Figure 9, which shows that the experimental curve is highly consistent with
the predicted curve. Therefore, the improved Bouc-Wen model established in this work can
accurately describe toothed electromagnetic springs” dynamic output force-displacement
characteristics.

Table 3. Identification results of the particle swarm optimization algorithm.

Current (A) Speed (mm/s) s n A A k1 (N) k> (N/mm) ¢ (N-s/m)
1.0 2.5 0.25 8.13 0.15 1.19 130.69 42.34 589.90
1.0 3.5 191 9.98 0.15 1.19 140.59 29.96 611.74
1.0 4.5 18.74 7.03 0.12 1.04 158.37 20.35 646.39
1.5 45 21.19 6.59 0.12 1.03 308.78 39.93 654.99
2.0 4.5 2053 5.42 0.06 0.97 541.70 62.31 665.09

It is necessary to analyze the model error additionally. A residual analysis, which
indicates the difference between the measured and predicted results, was adopted to
evaluate the prediction accuracy. The results of the residual analysis are shown in Figure 10.
It can be seen in Figure 10 that the residual points predicted by the model proposed in
this work and the actual experimental results fell basically in the horizontal band region
of —20 N-20 N (for an applied current of 1.0 A) and —40 N-80 N (for an application of
4.5 mm/s). This indicates that the constitutive model developed in this work can effectively
reflect the dynamic output force-displacement characteristics.
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Figure 9. Comparison of the hysteresis characteristics of the toothed electromagnetic spring: (a,b) for
the applied current of 1.0 A and speed of 2.5 mm/s, (c,d) for the applied current of 1.0 A and speed of
3.5 mm/s, (ef) for the applied current of 1.0 A and speed of 4.5 mm/s, (g,h) for the applied current
of 1.5 A and speed of 4.5 mm/s, and (i,j) for the applied current of 2.0 A and speed of 4.5 mm/s.
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Figure 10. Residual analysis of (a) for the applied current of 1.0 A and (b) for the application of 4.5 mm/s.

To provide a more quantitative explanation, the maximum relative error of the im-
proved model was defined as follows:

AFpax
Fyvax
where Fjy4x is the maximum output force measured in the experiment and AFy4x is the
maximum output force error of the model compared to the experiment. Meanwhile, R?

was defined to test the goodness of fit of the improved model, as shown in Equation (7):

5MAX — x 100% (7)

5. (f;— F)?

RR=1-2L ®)
¥ (F—F)*
i=1

where F; is the dynamic output force measured in the experiment, F is the average value
of the dynamic output force, and F; is the dynamic output force obtained through model
simulation fitting. The correlation index R? was used to describe the fitting degree of the
model; the closer R? is to 1, the better the prediction accuracy of the improved model,
and the stronger the linear correlation between the actual variables and the predicted
variables [27].

Table 4 illustrates the error results under different excitation currents and speeds.
It can be seen that the maximum relative error of the standard Bouc-Wen model was
12.75%. Generally, a Bouc—-Wen model with a maximum relative error of less than 15%
is considered to have a high accuracy [28]. In addition, the correlation index R? of the
Bouc-Wen model was higher than 0.98 under different working conditions. The highest
value was 0.9993, indicating that the model used in this work has a good fitting accuracy
and verifies the accuracy of the model.

Table 4. Error analysis of the Bouc—Wen model.

Current (A)  Speed (mm/s) AFpax (N) Fyax SMAx R?
1.0 2.5 23.65 185.49 12.75% 0.9991
1.0 35 23.46 185.49 12.68% 0.9959
1.0 4.5 18.04 185.49 9.68% 0.9971
1.5 4.5 37.84 363.49 10.41% 0.9993
2.0 4.5 72.65 621.47 11.69% 0.9868

5. Conclusions

In this work, the standard Bouc-Wen model was improved, and the hysteresis model
of a toothed electromagnetic spring was established. Then, the particle swarm optimiza-
tion algorithm was used to identify the model’s parameters. The main conclusions are
as follows:
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(1) The influence of various parameters of the standard Bou-Wen model was studied.
The results show that the higher the parameter p, the more serious the hysteresis
phenomenon, and the greater the coincidence range between the hysteresis curve and
the upper and lower boundary of the hysteresis variable. The higher the o, the larger
the coincidence range between the hysteresis curve and the boundary. The higher the
parameter 7, the smaller the bending radius of the hysteresis curve.

(2) The electromagnetic spring exhibits a hysteresis phenomenon under different currents
and velocities. The hysteresis phenomenon becomes more pronounced as the speed
increases. The current has a significant impact on the dynamic curve. When the
current increases from 0.5 A to 2.0 A, the electromagnetic force sharply increases from
49 N to 534 N.

(3) Anasymmetric correction term was proposed based on the asymmetry of the dynamic
characteristics to replace the parameter p and improve the standard Bou-Wen model.
Compared with the experimental results, the residual points predicted by the model
proposed in this work fell basically in the horizontal band region of 20 N-20 N (for
an applied current of 1.0 A) and —40 N-80 N (for an application of 4.5 mm/s) and the
maximum relative error of the model was 12.75%. The R? of the model was greater
than 0.98 and the highest value was 0.9993, indicating that the model has a good
fitting accuracy.
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Abstract: Thin-walled steel structures, prized for their lightweight properties, material efficiency, and
excellent mechanical characteristics, find wide-ranging applications in ships, aircraft, and vehicles.
Given their typical role in various types of equipment, it is crucial to investigate the response of
thin-walled structures to shock waves for the design and development of innovative equipment. In
this study, a shock tube was employed to generate shock waves, and a rectangular steel plate with
dimensions of 2400.0 mm x 1200.0 mm x 4.0 mm (length x width x thickness) was designed for
conducting research on transient shock vibration. The steel plate was mounted on an adjustable
bracket capable of moving vertically. Accelerometers were installed on the transverse and longitudinal
symmetric axes of the steel plate. Transient shock loading was achieved at nine discrete positions
on a steel plate by adjusting the horizontal position of the shock tube and the vertical position of
the adjustable bracket. For each test, vibration data of eight different test positions were obtained.
The wavelet transform (WT) and the improved ensemble empirical mode decomposition (EEMD)
methods were introduced to perform a time-frequency analysis on the vibration of the steel plate.
The results indicated that the EEMD method effectively alleviated the modal aliasing in the vibration
response decomposition of thin-walled structures, as well as the incompletely continuous frequency
domain issue in WT. Moreover, the duration of vibration at different frequencies and the variation of
amplitude size with time under various shock conditions were determined for thin-walled structures.
These findings offer valuable insights for the design and development of vehicles with enhanced
resistance to shock wave loading.

Keywords: thin-walled structures; shock waves; shock tube; structural shock dynamic

1. Introduction

Thin-walled steel structures are commonly utilized in various applications such as
ships, aircraft, and vehicles due to their lightweight nature, material efficiency, and favor-
able mechanical properties [1,2]. These structures are often subjected to transient shock
loads during operation in challenging environments. As a result, the dynamic response
characteristics of thin-walled structures under transient shock loads have received extensive
attention from researchers and engineers in related fields [3,4].

The investigation of the dynamic response of thin-walled structures has predominantly
focused on two distinct modes of failure. Specifically, the response of these structures to
shock loads is generally characterized by either large plastic deformation [5-8] or ten-
sile tearing [9,10]. For the study of large plastic deformation of thin-walled structures,
Wang et al. [11] conducted experimental and numerical simulation studies on the response
of free thin steel plates under intense loads and proposed a theoretical model to describe the
deformation of free metal thin plates under powerful loading. They found that when the
loading parameters are determined, the deformation velocity and deflection of the plate are
only related to the width-to-thickness ratio of the plate. Xu et al. [12] presents experimental
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and numerical investigations on the response of thin aluminum plates to shock loading,
reveals the relationship between the deformation region of counterintuitive behavior (CIB)
and loading and geometric parameters of the structure, and derives a relationship between
normalized duration and charge mass to predict the occurrence of CIB. Kaufmann et al. [13]
introduced the Virtual Fields Method (VFM) to reconstruct surface pressures on thin steel
plates by measuring full-field deformation of plate dynamics. A shock wave similar to an
explosion is generated by a shock tube, demonstrating the crucial role of VFM modeling in
predicting large plastic deformations of structures. Curry et al. [14] investigated the impact
of different charge backing types on the plastic deformation of thin-walled steel plates
using a combination of experimental and computational methods. The findings suggest
that metal-backed charges increase impulse transfer by 3-5 times compared to air-backed
charges. While the permanent deflection was greater with metal backing, the degree of
increase was less pronounced compared to that of the impulse transfer. Kim et al. [15]
studied the influence of the relative position of explosives and thin steel plates on the plate
damage and found that tearing damage can be reduced by optimizing the inclination angle
of the thin wall. Yao et al. [16] conducted a large-scale experimental study on the damage
characteristics and dynamic response of thin-walled multi-steel box structures under re-
strained high-intensity loads and found that strengthening the corner of the box can prevent
tearing of the thin-walled structure. McDonald et al. [17] examined the response of four
high-strength thin-walled structures to localized blast loading. The findings indicate that
higher strength steels and tailored microstructures provide enhanced rupture resistance. A
new non-dimensional impulse correction parameter is introduced for assessing the impact
of charge stand-off on deformation and rupture performance.

As the level of intelligence and informationization of vehicles increases, electronic and
mechanical equipment becomes increasingly important in the carriers [18]. In the face of
enemy attacks, even if the structure remains intact, strong vibrations can damage electronic
and mechanical devices, thus affecting weapon and equipment effectiveness [19]. Research
on the vibration characteristics of thin-walled structures mainly focuses on numerical
simulations [20-22] and theoretical analysis [23-25].

In terms of numerical simulations, Park et al. [26] conduct a numerical investigation to
evaluate the effectiveness of thin-walled panels in attenuating vibrational damage induced
by explosive events. Their findings reveal that the implementation of blast-resistant panels
significantly mitigates the propagation of acceleration, with the most favorable outcomes
achieved through the utilization of thicker panels and lower explosion loads. In a separate
study, Wu et al. [27] inspect the vibrational response of subterranean thin-walled structures
subjected to surface blast loads by employing numerical simulations. The researchers
observe an increase in peak velocity as the proximity to the explosion source decreases,
with a predominance of vertical vibrations. Moreover, the study introduces a predictive
model for damage assessment and delineates critical thresholds associated with distinct
damage levels. Wu et al. [28] use numerical simulations to propose a data-driven approach
for designing distributed Dynamic Vibration Absorbers (DVAs) to mitigate vibrations in
thin-walled structures with tight modal spacing. Leveraging Singular Value Decomposition
(SVD) on structural response data, without needing excitation or structural mode info,
optimal DVA placement and parameters are determined. This method surpasses traditional
techniques, showcasing its robustness and effectiveness on a simply supported square
plate and a fairing, achieving broad-band vibration suppression utilizing only structural
response data.

For theoretical studies, Pandey et al. [29] investigates the transient vibroacoustic re-
sponse of functionally graded sandwich plates with varying thickness ratios and material
gradation. A parametric study is conducted to investigate the influence of volume frac-
tion index and thickness ratio on the transient vibroacoustic response. Vieira et al. [30]
introduced a new high-order beam model for thin-walled structure response analysis,
which considers the three-dimensional displacement characteristics of the thin-walled
structure and the in-plane bending characteristics of the section. This model effectively
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analyzes local and global buckling phenomena of thin-walled structures under high-order
modes. Xu et al. [31] found that the improved beam theory based on the Carrera Unified
Formulation has higher reliability and accuracy in predicting the modal behavior of the
structure than the classical beam theory. The complex interactions between shock waves
and structures lead to substantial analytical challenges, making it difficult for theoretical
analysis to effectively address such complexities [32,33]. With these factors in mind, the
importance of experimental research must be highlighted, as it offers valuable insights and
enables accurate validation and refinement of theoretical results [34,35].

In this work, an experimental device comprising a shock tube system and a steel plate
fixed onto an adjustable support bracket is proposed. The device enables the application
of transient shock loads at various positions along a thin-walled structure, facilitating the
measurement of its vibration response under shock loading conditions. By conducting
transient loading at nine different positions on the structure and using accelerometers at key
positions, the transient shock vibration response characteristics were obtained. To address
the frequency domain discontinuity problem inherent to traditional wavelet transformation
methods, this study proposes a novel empirical mode decomposition method grounded in
piecewise cubic Hermite interpolation (PCHIP), an approach that ensures monotonicity and
circumvents the “over envelope” and “under envelope” fitting issues commonly associated
with conventional interpolation methods, thereby enhancing the analysis of the vibration
response of thin-walled structures under varying shock positions.

2. Experimental Design and Conditions
2.1. Experimental Setups

In this study, transient loads were generated using a shock tube system, as illustrated
in Figure 1a. The shock tube, with an inner diameter of 90.0 mm, was partitioned into high-
pressure and low-pressure sections, separated by a 0.5 mm-thick aluminum diaphragm with
a 0.3 mm cross-shaped scratch. High-pressure nitrogen served as the driving gas in the high-
pressure section, while the low-pressure section was initially connected to the atmosphere.
When the pressure of the high-pressure section reaches about 1300.0 kPa and the low-
pressure section maintains atmospheric pressure, the diaphragm ruptured rapidly along the
scratch, creating a shock wave in the low-pressure section. A pressure sensor (Kistler 211B4)
was installed at the shock tube opening to measure the pressure generated by the shock
wave from the tube. In order to investigate the shock response of thin-walled structures, an
adjustable bracket was designed and installed. The bracket featured an adjustable track that
allowed for easy modification of the shock wave position by adjusting the plate’s vertical
and horizontal positions. A steel plate (measuring 2400.0 mm x 1200.0 mm x 4.0 mm in
length, width, and thickness) was mounted onto the bracket. This steel plate is made from
Q235 steel, with a density of 7.85 g/ cm?, a minimum yield strength of 235 MPa, and a
Young’s modulus of 210 GPa.

The plate’s response to shock wave loading was analyzed using eight Kistler 8776B100A
accelerometers, which were symmetrically positioned along the horizontal and vertical
axes of the steel plate. Acceleration data was obtained by processing the voltage signals
captured by these sensors with a Kistler TraNET 408DP data acquisition device. Figure 1b
shows the arrangement of the accelerometers, with six (RM1-RM6) placed on the plate’s
horizontal axis and two (CM1, CM2) on the thin plate’s horizontal axes. The first transverse
sensor was placed 1200.0 mm to the left of the steel plate’s center point, with subsequent
sensors positioned every 200.0 mm to the right. Sensors CM1 and CM2, located on the
vertical axis, were situated 200.0 mm and 500.0 mm above the center point, respectively.
This setup was used to determine the structure’s vibration characteristics. All nine shock
positions were located on the right side of the thin plate. Shock positions M1, M2, and
M3 were positioned on the horizontal axis of symmetry of the thin plate, lying 200.0 mm,
500.0 mm, and 800.0 mm to the right of the plate’s center, respectively. Above these three
shock loading points, shock positions H1, H2, and H3 were found at a height of 200.0 mm
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on the thin plate’s horizontal axis of symmetry. Below these points, loading positions L1,
L2, and L3 were situated at a height of 100.0 mm.
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(b) Picture of shock conditions (The red circle in the picture represents the loading position of the shock wave)

Figure 1. Experimental schematic.

2.2. Repetition Verification

To ensure the reproducibility of shock wave loading, a repeatability verification exper-
iment was conducted using a shock tube apparatus. Figure 2 depicts the pressure-time
history curves obtained by a pressure sensor at the shock tube nozzle in two separate
experiments. The initial peak pressures of the shock waves in the two tests were 129 kPa
and 128 kPa, respectively, exhibiting a deviation of 0.7%. These results indicate that the
shock wave transient load system used in the experiments demonstrates high consistency.
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Figure 2. Independent experimental verification.

3. Experimental Data Analysis Methods
3.1. Wavelet Transform Analysis Method

Wavelet Transform (WT) can show the detailed information of signals in time-frequency
domain. The wavelet transform (Wy f) (a,b) of a signal f(t) is defined as:

(Wyf)(a,b) = (f, $ap) = \alfl/z/_t:of(t)tp* (t ; b) dt 1)

where a, b € R, and a # 0 is called the scaling factor, and b is called the translation factor.

P <#) represents a series of basis wavelets determined by a and b, and * (%) represents
the complex conjugate of the basis wavelet. The role of WT is to transform one-dimensional
impulse response signal data into a two-dimensional matrix, where each row represents
the wavelet coefficients at different decomposition scales, and each column represents the
different time of the impulse response signal data. Since the WT is discontinuous in the
frequency domain, it is not feasible to achieve a fully continuous wavelet transform of
signal [36]. To accurately capture the frequency domain characteristics of the structure,
we have developed a novel method, namely, the improved ensemble empirical mode

decomposition method.

3.2. Improved EEMD-HHT Analysis Method
3.2.1. EEMD-HHT Analysis Method

Hilbert-Huang transform (HHT) transform is a time-frequency localization analysis
method with strong adaptability, which is suitable for processing and analyzing non-
stationary signals. HHT transform consists of EMD decomposition and Hilbert transform,
but EMD decomposition has the problem of mode aliasing, that is, the components of
different frequency bands in the signal cannot be effectively separated. Wu et al. [37]
proposed EEMD decomposition, which can prevent the diffusion of low-frequency modal
components by adding white noise and alleviate modal aliasing. After the signal is decom-
posed by EEMD, the combination of multiple IMF components can be observed, and the
analytical signal can be observed by Hilbert transform of the IMF component c(t) of the
original signal. After EEMD decomposition of the signal, a group of IMF components can
be obtained. Hilbert transform is performed on each order of IMF components to construct
the Analytic signal z(¢):

2(t) = c(t) + jH[e(H)] = a(t)e®) 0
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Hl[c(t)] is the IMF component after the Hilbert transformation, and j is an imaginary
unit. The instantaneous amplitude a(t) corresponding to the analytical signal can be
obtained:

a(t) = \/c2(£) + H2[c()] ©)

3.2.2. Improved Decomposition Method

In the ensemble empirical mode decomposition (EEMD) method, accurate envelope
fitting is essential for signal decomposition. However, traditional cubic spline interpolation
methods for fitting extreme points often lead to “over envelope” and “under envelope”
issues, which can significantly impact the accuracy of decomposition. In this work, an
EEMD method based on piecewise cubic Hermite interpolation (Pchip interpolation) was
employed, which effectively resolves the fitting issues encountered in traditional methods.
To decompose the signal, we used a low-pass filter to isolate the target frequency band
and applied a set empirical mode decomposition based on cubic Hermite interpolation,
Figure 3 shows the pchip-EEMD transformation process of real signals.
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Figure 3. Illustration of the EEMD decomposition principle.

We then compared the decomposition results obtained using this approach with those
obtained from EMD decomposition under identical parameters. As illustrated in Figure 4,
the IMF components derived from decomposition show a relatively concentrated center
frequency in each order, effectively reducing mode aliasing phenomenon.
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To validate the effectiveness of the Pchip-EEMD decomposition, Figure 5 provides a
comparison between the improved EEMD decomposition results and the power spectral
density estimates of different IMF components obtained via the original EMD decomposi-
tion. As illustrated in the figure, the frequency bands associated with each IMF component
in the improved decomposition method are less prone to aliasing. Conversely, the EMD
decomposition results reveal that most of the frequency bands in the signal are aliased in the
IMF1 component. This comparison demonstrates that the Pchip-EEMD method effectively
mitigates the mode aliasing phenomenon observed in the original decomposition method.
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Figure 5. Spectral density estimation of two decomposition methods.

4. Experimental Results and Discussion

4.1. Vibration Characteristics of Steel Plates Suffering Higher Region’s Shock

4.1.1. Shock Position of H1

Figure 6 illustrates the wavelet coefficient diagrams of vibration signals captured from
different measuring points under the H1 shock condition, which is close to the vertical axis
of symmetry of the steel plate. The diagrams of Figure 6a—f correspond to six transverse
sensors RM1-RM6, while Figure 6g,h correspond to two longitudinal sensors CM1 and
CM2. At the beginning of the loading process, the structure exhibited high-frequency
vibration with a relatively high amplitude, which gradually transformed over time. In this
context, f1, represents the frequency with the longest vibration duration, and T7, denotes
the duration of that frequency. Measuring point RM1, which is close to the left boundary,
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showed no lower frequency vibration below 1000 Hz, and the high-frequency vibration
duration was significantly shorter than that of other measuring points. The duration of
higher frequency vibration was generally shorter than that of lower-frequency vibration,
with an inverse correlation between the frequency and duration. At RM1, f1 = 2670 Hz,
while for RM2-RMS6, f1 was concentrated between 100250 Hz with a T, = 500 ms. For
CML1, f1, = 546 Hz, and the vibration duration below 50 Hz decreased with a decrease in
frequency. At CM2, f; =117 Hz, with a Ty, = 470 ms.

0 5 10 15 20 25 30 35 40 45 50

10°
10* %

fi=220Hz

fi=117Hz

0 100 200 300 400 500 600 700 800 900 1000 O 100 200 300 400 500 600 700 800 900 1000
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Figure 6. WT coefficient diagram under H1 condition.

4.1.2. Shock Position of H2

Figure 7 depicts the acquired data under H2 shock conditions, The vibration character-
istics at each measurement point broadly resemble those under the H1 shock condition. For
a given measuring point, as the vibration dissipates, the orange curve in the figure shows
that high-frequency vibrations tend to have significantly shorter durations compared to
low-frequency vibrations. At measurement point RM1 near the left boundary, 1, = 2606 Hz,
which is the highest frequency with the longest vibration duration among all measurement
points within the plate. At measurement point CM1 near the upper boundary of the plate,
Tr = 360 ms and fi = 325 Hz. The vibration at measurement points RM2, RM4, RM5,
and RM6 within the plate exhibits the same f1 as under the H1 shock condition, while at
measurement points RM3 and CM2, T}, occurs at f1, = 99 Hz, which is lower than that of
the H1 shock condition (as depicted in Figure 7c,i).

4.1.3. Shock Position of H3

For the H3 shock condition, located to the right of the H1 and H2 conditions, the
wavelet coefficient diagram in Figure 8 reveals that the vibration signals at each measuring
point have shorter durations across all frequency ranges compared to the H1 and H2
conditions. When the loading is near the edge, the overall amplitude of the plate vibration is
smaller, leading to shorter durations of vibration. As shown in Figure 8c, the low-frequency
vibration duration and amplitude at measuring point RM3, which is equidistant from the
vertical symmetry axis as the loading position, are significantly enhanced compared to
the H1 and H2 conditions. At measuring point RM1, f1, = 1228 Hz, with a T, = 64 ms, as
shown in Figure 8a. The vibration duration at RM1 is consistently shorter than those of
other measuring points across all shock conditions (H1, H2, and H3).

202



Materials 2023, 16, 4748

fi=117Hz

0 100 200 300 400 500 600 700 800 900 1000 O 100 200 300 400 500 600 700 800 900 1000
Time (ms)

Figure 7. WT coefficient diagram under H2 condition.
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Figure 8. WT coefficient diagram under H3 condition.

4.2. Vibration Characteristics of Steel Plates Suffering Middle Region’s Shock
4.2.1. Shock Position of M1

Under the M1 shock condition, the vibration characteristics of the structure change
when the shock is located on the horizontal axis of symmetry of the steel plate. Figure 9
presents the wavelet coefficient diagram of the vibration signals at each measuring point.
Due to the loading shock position being close to the center of the structure, the amplitude
and duration of the vibration signals at each point are higher, as shown in Figure 9b,c,e f.
The duration of the f; at measuring points RM2, RM3, RMS5, and RM6 is significantly
longer than that of the H1-H3 conditions, where the loading position is above the axis
of symmetry. Specifically, at measuring point RM2, the Ty, = 790 ms of the f1 = 117 Hz
vibration signal is 32% higher than the average duration under H1-H3 conditions with
the same frequency. Measuring point RM3 exhibits a f1, = 202 Hz vibration signal with a

203



Materials 2023, 16, 4748

T1 = 550 ms, while measuring point RM4 shows a relatively small f;, = 117 Hz vibration
frequency with a T1, = 305 ms compared to other conditions. At measuring point RM5, the
T1, = 800 ms of the f1, = 187 Hz vibration signal is significantly longer than that of other
shock conditions. Moreover, as shown in Figure 9f, the 100-300 Hz vibration at measuring
point RM6 has a higher initial amplitude due to its proximity to the loading position, and
the f1, = 109 Hz vibration signal at this point has a Ty, = 830 ms. As shown in Figure 9h, the
vibration signal with the longest duration (T, = 310 ms) at measuring point CM1, which is
near the upper boundary of the plate, has a frequency of f1, = 378 Hz and is significantly
higher than that of other measuring points under this shock condition.

0 100 200 300 400 500 600 700 800 900 1000 O 100 200 300 400 500 600 700 800 900 1000
Time (ms)

Figure 9. WT coefficient diagram under M1 condition.

4.2.2. Shock Position of M2

In the M2 shock condition, for RM1, f; = 12,053 Hz, similar to the M1 condition.
The vibration at f;, = 138 Hz in measuring points RM2, RM4, and RM6 has the longest
duration and higher amplitude compared to other frequencies under this condition. For
RMS5, f1, =85 Hz, with a T, of 660 ms as shown in Figure 10e. At CM1, which is closer
to the upper side boundary, f1, = 566 Hz, as shown in Figure 10g, and this frequency
is significantly higher than other measuring points except RM1. At CM2, Tt = 470 ms
and f1, = 69 Hz, which is lower than the frequency with the longest duration under other
conditions.

4.2.3. Shock Position of M3

The vibration duration of frequencies above 250 Hz is prolonged at each measuring
point under the M3 shock condition when the shock position is near the right boundary
and located on the horizontal symmetry axis of the steel plate. The curve in Figure 11
represents the vibration duration of different frequencies at each measuring point under
the M3 shock condition. Compared with the previous 100-250 Hz frequency band, the f1,
at measuring points RM2, RM4, RM5, and RM6 has increased to 500 Hz or above under the
M3 shock condition. Under these three shock conditions with the shock position located
on the horizontal symmetry axis, the f;, at measuring point RM1 is consistently above
12,000 Hz. For the M3 shock conditions, the duration of vibrations above 250 Hz in the
structure significantly increases, and the amplitude is also enhanced. Taking the third-layer
IMF component with a center frequency of around 1000 Hz at the RM6 measurement point
as an example, the average instantaneous amplitude of vibrations in the M3 condition is
0.93 g, which is significantly higher than that in the M2 condition at 0.81 g.
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Figure 10. WT coefficient diagram under M2 condition.
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Figure 11. WT coefficient diagram under M3 condition.

4.3. Vibration Characteristics of Steel Plates Suffering Lower Region’s Shock
4.3.1. Shock Position of L1

The vibration duration and frequency distribution of the structure under the L1 shock
condition, as shown in Figure 12, are similar to those under the H1-H3 and M1, M2
shock conditions. However, one distinct difference is that the vibration energy at each
measurement point stays focused within specific frequency ranges for extended durations.
Measurement points RM2, RM4, and RM6 exhibit significant vibration at f;, = 110 Hz and
138 Hz for a Ty, of over 800 ms, while measurement points RM3 and RM5 show concentrated

vibration at f1, = 186 Hz. Moreover, measurement point CM1 displays pronounced vibration
at fi, =546 Hz.
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Figure 12. WT coefficient diagram under L1 condition.

4.3.2. Shock Position of L2

Figure 13 demonstrates that in the L2 condition, where the shock position is to the
right of the vertical symmetry axis, the vibration patterns observed at each measurement
point are similar to those in the L1 condition. However, in comparison to the L1 condition,
the amplitudes of the vibrations at each measurement point are generally reduced. The
vibration energy is concentrated in a few fixed frequencies, and in some measurement
points, the T1. is longer than that observed in the L1 condition. At measurement points RM4
and RMB6, the vibrations predominantly occur at f; = 138 Hz, with a T, of approximately
900 ms. At measurement points RM2, RM3, and CM2, the vibration energy is concentrated
at fi, =215 Hz, with a T1, of around 800 ms. At measurement point RM3, which is close
to the vertical symmetry axis, the amplitude of the vibrations around 200 Hz abnormally
increases, and the T7, is significantly longer than that observed in the L1 condition. Finally,
at measurement point CM1, which is close to the upper boundary, the vibrations are
concentrated at f1, = 638 Hz, with a slightly longer T}, than that observed in the L1 condition.

= 117Hz

0 100 200 300 400 500 600 700 800 900 1000 O 100 200 300 400 500 600 700 800 900 1000
Time (ms)

Figure 13. WT coefficient diagram under L2 condition.
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4.3.3. Shock Position of L3

In the case of the L3 shock position, which is situated closest to the lower right
corner of the steel plate, as depicted in Figure 14, the amplitude of each frequency at
various measurement points throughout the structure has exhibited an overall reduction,
along with a shortened Ty, compared to the L1 and L2 shock conditions. Specifically,
the maximum instantaneous amplitude of the fifth-level intrinsic mode function (IMF)
at measurement point RM6 under L2 and L3 shock conditions has been reduced by 28%
and 47%, respectively, in comparison to the L1 condition. The frequencies that exhibit the
longest Ty, at measurement points RM2, RM3, RM5, and RM6 are all f1 = 186 Hz, with the
duration spanning from 445 ms to 892 ms. For the measurement points RM3 and RM4,
which are situated nearer to the vertical symmetric position from the loading position,
the amplitude below 200 Hz has been higher and the T, has been longer, particularly for
measurement point RM3.

CM 2

fi=215Hz

7= 629ms

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Time (ms)

Figure 14. WT coefficient diagram under L3 condition.

4.4. Effect of Shock Position on Vibration Characteristics of Steel Plates

Figure 15 depicts the vibration characteristics observed at measuring point RM1. In
the figure, the bar chart represents the f1, at measuring point RM1 under different loading
conditions: H-f1, (above horizontal symmetry axis), M-f1, (on horizontal symmetry axis),
L-f1 (below horizontal symmetry axis), while the line chart represents the Ty, at measuring
point RM1 under different loading conditions. It can be observed that for loading positions
closer to the horizontal axis symmetry, the f1 in measuring point RM1 is above 12,000 Hz
in M1-M3 cases. However, for H1-H3 and L1-L3 cases, the f1, is between 20004000 Hz,
and for the loading cases closer to the right boundary, the frequency is relatively smaller.
Let us define the longest duration frequency as f1.. The T, changes of different cases have
no obvious regularity, but they are all within 100 ms.

In Figure 16, a bar chart is presented that displays the f1, of vibration at measuring
points RM2- RM6 for various loading cases. Compared to measuring point RM1, which is
close to the boundary, these measuring points show a significant reduction in f1, making
them unsuitable for inclusion in the same bar chart. Notably, the results reveal that in the
M3 case, except for measuring point RM3, which is symmetric to the loading position, the
f1 detected by all other measuring points are significantly higher. Additionally, in both
the H3 and M3 cases, measurement point RM3 exhibits a significantly lower vibration
frequency compared to other measurement points at the same horizontal position, given
that RM3 is located at an equal distance from the vertical axis of symmetry as the loading
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position. It is worth noting that for most shock conditions investigated, the frequencies
with the longest vibration duration (fL) at measuring points RM3 and RM5 are significantly
higher compared to other measurement points.
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Figure 15. Vibration characteristic of row measuring point RM1.
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Figure 16. Frequency with the longest vibration duration at each measuring point.

5. Conclusions

This paper presents an experimental device consisting of a shock tube system and an
adjustable steel plate, designed to investigate the transient shock vibration response of thin-
walled structures. By applying shock loads at various positions and using accelerometers
to collect data, a comprehensive understanding of the vibration response characteristics has
been achieved. To analyze the vibration signals in the time-frequency domain, the research
introduced two methods, the wavelet transform and the EEMD with pchip interpolation.
The accuracy of these methods is validated, and the results provide information on the
distribution and attenuation of vibration energy across various frequency bands. The study
reveals several findings, which can be summarized as follows:
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1. Improved Signal Analysis: We have refined time-frequency domain analysis by
using the Ensemble Empirical Mode Decomposition (EEMD) method with pchip interpola-
tion. This significantly enhances the accuracy, tackling mode mixing issues in traditional
EMD and addressing redundancy and frequency-discontinuity problems in continuous
wavelet transform (CWT). These enhancements will aid in accurately characterizing struc-
ture vibrations, thereby facilitating the development of more shock-resistant designs.

2. Boundary Vibration Attenuation: Our findings show that the boundary regions
exhibit the fastest rate of vibration attenuation. This could guide the design and placement
of sensitive components within a structure to minimize sustained vibrations.

3. Frequency Band Implications: The research reveals that the 100-300 Hz frequency
band sustains the longest vibration duration for most shock conditions, providing pivotal
knowledge for predicting potential failure areas or developing frequency-specific vibration
dampening methods.

4. Influence of Shock Position: The study underscores that shock positioning signifi-
cantly impacts vibration characteristics, and this insight can be incorporated into design
strategies for specific shock or load conditions.

5. Asymmetric Shock Impact: We found that as the shock position moved towards
the right side, the vibration amplitude and duration decreased. This implies that asym-
metric shock loads can influence the overall vibrational characteristics, which is a critical
consideration for improving equipment resilience and performance.
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