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Application of 3D printing is necessary for rapid and efficient fabrication of customized multi mate-
rial/layer composite sheets [1]. Such sheets are not commercially available and should be custom-made
using both commercial filaments (e.g., biocompatible) as well as in-house extruded composite filaments
with functional fillers (e.g., conductive, antibacterial, etc.). Despite 3D printing capabilities to manufac-
ture complex shape structures, 3D printing faces limitations, especially in producing thin-wall nonplanar
multi-material components. Limitations include reduced part strength and durability due to inter-layer
defects and surface artifacts, and the high cost, as well as limited accessibility of curved-layer printing
technologies. The idea of this research is based on applying incremental sheet forming (ISF) for custom
material 3D printed sheets to manufacture complex shape parts. Integration of polymer composite 3D
printing and ISF processes into a hybrid manufacturing workflow has already been addressed only by
several studies [2], thus it has not been well developed yet. Combination of such processes requires
application of model-based engineering for early-stage evaluation of the final structure as well as ISF pro-
cess to avoid failures and prevent high production costs. Existing numerical models still cannot predict
forming results accurately enough for industrial demand [3]. The current work focusses on addressing
this issue and creating an advanced numerical model in LS-Dyna using *CONTACT _FORMING op-
tion further extended by integral peridynamics theory [4] to evaluate possible material failure. Firstly,
material properties (e.g., elastic modulus, yield strength, etc.) of formed polymer material structure
are determined from experimental tests including possible different process variables: material printing
parameters, printing directions, temperatures, etc. Cupping test is performed to find the failure strain
of the formed material. Secondly, the ISF process of the 3D printed polymer material sheet is per-
formed and validated finite element model (FEM) is created in LS-Dyna. Finally, FEM is used to test
different process parameters and their resultant manufacturing output, which helps to create a training
database for Al and then determine rational process parameters. In addition to this, peridynamics
theory-based strain compatibility parameter [5] is computed, applying peridynamic differential operator
to check if such parameters setup does not result in formed material failure due to cracking. References:
1.Wang, Z.; Wang, L.; Tang, F.; Shen, C. PLA-Based Composite Panels Prepared via Multi-Material
Fused Filament Fabrication and Associated Investigation of Process Parameters on Flexural Proper-
ties of the Fabricated Composite. Polymers 2024, 16, 109. https://doi.org/10.3390/polym16010109.
2.Garcia-Romeu, M. L., Ferrer, |., Pasotti, C., Coma, J., Rosa-Sainz, A., Centeno, G. (2022). Prelim-
inary study on the use of 3D printed biodegradable polymeric sheet for the manufacturing of medical
prostheses by SPIF. Procedia CIRP, 110, 76-81. https://doi.org/10.1016/].procir.2022.06.016. 3.Y.
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Abdel-Nasser, N. Ma, S. Rashed, K. Miyamoto, and H. Miwa, “"Numerical Modelling for Efficient Anal-
ysis of Large Size Multi-Stage Incremental Sheet Forming,” J. Manuf. Mater. Process., vol. 8, no.
1, 2024, doi: 10.3390/jmmp8010003. 4.S. A. Silling and F. Bobaru, “Peridynamic modeling of mem-
branes and fibers,” Int. J. Non. Linear. Mech., vol. 40, no. 2-3, pp. 395-409, Mar. 2005, doi:
10.1016/j.ijnonlinmec.2004.08.004. 5.E. Madenci, A. Yaghoobi, A. Barut, N. Phan, A. lliopoulos, and
J. G. Michopoulos, “Peridynamics enabled digital image correlation for tracking crack paths,” Eng.
Comput., Feb. 2022, doi: 10.1007/s00366-021-01592-4.

Mechanical properties adjustment of continuous fiber reinforced 3D printed
lattice deployable mast based on soft-hard bi-material mesoscopic structure

Zhi, Quan (zhiquan®@buaa.edu.cn), Beihang university, China
Li, Dongsheng (lidongs@buaa.edu.cn), Beihang university, China
Shi, Zhuwei (szw0110@buaa.edu.cn), Beihang university, China

Fu, Long (243142663@qq.com), Beihang university, China
Zhu, Weijun (zhuweijun@buaa.edu.cn), Beihang university, China

Lightweighting, functionalization, and intelligence are the inevitable trends of aerospace development.
Fiber-reinforced lightweight structures, with the collaborative design advantage of material and struc-
ture, have become the key to realize these trends. Based on the background of aerospace solar sail
deployable mast, this study innovatively designs a lattice deployable mast to achieve lightweighting,
and proposes a mesoscopic scale soft-hard bi-material strategy. The strategy achieves multi-directional
mechanical properties adjustment of load-bearing and bending deformation of deployable mast through
the coordinated layout of soft and hard materials. The lattice deployable mast is constructed in an
alternating manner in three directions: 0°, 60°, and 120°. In the thickness direction, three layers of
hard materials and two layers of soft materials are alternately arranged. Multi-material 3D printing
technology and curved surface forming process realize the accurate forming of lattice deployable mast
from two-dimensional plane to three-dimensional curved surface. Through the combination of numer-
ical simulation and experimental testing, the compression and bending mechanical behavior of lattice
deployable mast was systematically studied. Results show that soft and hard bi-material strategy has a
significant effect on the stiffness compared with single hard material. The plane compression stiffness
increased from 0.18 N/mm to 0.25 N/mm, which increased by 38.89%. In the three-point bending
experiment, the bending stiffness increased from 0.15 N/mm to 0.26 N/mm within the deformation
displacement of 35 mm, which increased by 73.33%. It should be noted that when the deformation
exceeds 35 mm, the deployable mast begins to enter the bending and contracting stage. At this time,
the deformation stiffness of soft and hard bi-material structure (1.15 N/mm) is lower than that of
single hard material structure (1.33 N/mm), demonstrating better deformation compliance. In the
study, the introduction of soft material not only synergistically enhanced the load-bearing and bending
stiffness, but also improved its shrinkage characteristics under large deformations, effectively verifying
the feasibility of this strategy in adjusting the mechanical properties of lattice deployable mast. The
relevant achievements provide a new solution for the collaborative design of multi-directional mechanical
properties of aerospace solar sail deployable mast.

Path geometry-dependent material parameters of additively manufactured
fiber-reinforced composites

Steltner, Kai (kai.steltner@tuhh.de), Hamburg University of Technology, Germany
Kipping, Johann (j), Hamburg University of Technology, Germany
Schiippstuhl, Thorsten (), Hamburg University of Technology, Germany
Kriegesmann, Benedikt (), Hamburg University of Technology, Germany

Fused Filament Fabrication (FFF) is an established additive manufacturing (AM) process that employs
filament-based materials in order to build structures in a layer-wise manner. To increase the structural



stiffness and strength on the material level, carbon fibers are used within the plastic filament. Compared
to short carbon fibers, continuous carbon fibers provide a significant improvement in strength and
stiffness. Pre-impregnated carbon fiber filament with a predefined cross-surface is extruded along
with a polymer matrix to achieve a desired path geometry. The resulting structures exhibit highly
anisotropic material behavior, especially due to the printing path directions within each layer. The
stiffness of continuously-carbon fiber reinforced structures can be improved even further, if the material
is deposited along numerically optimized orientations [1]. In order to match optimized orientation
fields in three-dimensional structures as close as possible, the filament can be deposited on non-planar
surfaces using varying layer [2]. However, this variation of path geometry leads to varying fiber content
throughout the structure and therefore varying material properties. This work presents quantitative
material stiffness and strength parameters depending on printing path width and height of continuously
carbon-fiber reinforced PETG. The homogenized material properties are determined through multiple
tests along and perpendicular to the fiber direction of unidirectional test specimens subject to tensile
and compressive loading. References: [1] K. Steltner, J. Kipping, T. Schiippstuhl, B. Kriegesmann, A
workflow for designing stiffness-optimized structures in the context of additive manufacturing of endless
fiber-reinforced composites, Journal of Thermoplastic Composite Materials, (2025). [2] J. Kipping, T.
Schiippstuhl, Enabling non-planar load oriented deposition of carbon fiber reinforced polymers by varying
layer height, Additive Manufacturing Vol. 111, (2025).
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Halisdemir University), , Turkey

Polyether ether ketone (PEEK) is a high-performance thermoplastic polymer widely employed in aerospace,
automotive, and biomedical applications due to its superior mechanical strength, thermal stability, and
chemical resistance. Recently, fused deposition modeling (FDM) has emerged as a promising manufac-
turing route for producing complex PEEK components; however, the high strain-rate mechanical behav-
ior of additively manufactured PEEK remains insufficiently characterized. In particular, the influence of
FDM processing on the dynamic response of PEEK under impact-type loading conditions is not yet well
understood. In this study, PEEK specimens were manufactured using an industrial high-temperature
FDM system (CreatBot PEEK-300), which enables controlled nozzle temperature, heated build plate,
and elevated chamber temperature to promote proper interlayer bonding and crystallization. Printing
parameters such as raster orientation, layer thickness, and thermal conditions were carefully selected to
obtain repeatable and defect-minimized specimens suitable for dynamic testing. The high strain-rate
compressive behavior of the printed PEEK samples was experimentally investigated using a Split Hop-
kinson Pressure Bar (SHPB) apparatus. Dynamic stress—strain responses were obtained over a range of
strain rates representative of impact and crash-related loading scenarios. Key mechanical parameters,
including dynamic elastic modulus, peak stress, strain-rate sensitivity, and energy absorption capacity,
were evaluated and compared with quasi-static reference data. The effects of FDM-induced anisotropy
and interlayer interfaces on wave propagation and failure mechanisms were also examined. The results
reveal a pronounced strain-rate dependence in the mechanical response of FDM-manufactured PEEK,
with notable increases in strength and stiffness at higher strain rates. Furthermore, printing-induced mi-
crostructural features significantly influence the deformation and failure modes under dynamic loading.
The findings provide new insights into the applicability of additively manufactured PEEK components in
impact-critical engineering applications and contribute to the limited experimental database on the high
strain-rate behavior of high-performance thermoplastics produced by FDM. This study demonstrates
the feasibility of combining high-temperature additive manufacturing with SHPB testing as an effective
framework for evaluating the dynamic performance of advanced polymer materials and supports the
structural use of FDM-printed PEEK in demanding engineering environments.
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Hybrid manufacturing and mechanics of titanium and nickel-based
architected materials and interpenetrating phase composites

Jaber, Abdulrahman (aj3584@nyu.edu), New York University, USA
Singh, Agyapal (as16358@nyu.edu), New York University Abu Dhabi, United Arab Emirates
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Architected metallic materials and interpenetrating phase composites (IPCs) represent a rapidly emerg-
ing class of multifunctional systems that transcend the limitations of conventional cellular solids. By
exploiting topology-driven design freedom and hybrid manufacturing, such materials can be tailored
to simultaneously deliver high mechanical efficiency, enhanced damage tolerance, and improved ther-
mal and impact performance. In this work, architected materials based on Ti-6Al-4V and Nickel
alloys are systematically investigated, alongside their corresponding metal-metal IPCs, to elucidate
structure—property—performance relationships under quasi-static and impact-relevant loading conditions.
Sheet-based triply periodic minimal surface (TPMS) architectures, exemplified by the Gyroid topology,
and stochastic spinodal architectures are employed as reinforcement phases. These two design classes
represent fundamentally different load-transfer mechanisms: periodic, curvature-continuous pathways
in TPMS structures versus statistically isotropic, disorder-driven connectivity in spinodal networks. Ti-
6Al-4V and Nickel lattices are fabricated via laser powder bed fusion, while IPCs are produced using
a hybrid approach combining additive manufacturing with vacuum-assisted infiltration of a secondary
metallic phase. Microstructural characterization using SEM, EDS, and XRD confirms high-fidelity archi-
tectural reproduction, co-continuous phase formation, and strong metallurgical bonding at metal-metal
interfaces. For single-phase architected materials, both Ti-6Al-4V and Nickel lattices exhibit high
stiffness-to-weight ratios but limited post-yield deformation, with Ti-6Al-4V showing earlier strain lo-
calization due to its intrinsic low ductility. Nickel architected materials demonstrate comparatively
enhanced plasticity and delayed collapse, particularly in spinodal configurations. Upon formation of
IPCs, the mechanical response is transformed: Young's modulus and peak strength increase by factors
of 2—4, while ductility and toughness are dramatically enhanced through stable, distributed plastic flow
in the infiltrated phase. Gyroid-based IPCs consistently exhibit higher stiffness and peak strength due
to continuous load paths, whereas spinodal IPCs provide superior damage tolerance and more pro-
gressive collapse. Impact and crashworthiness-relevant metrics, including energy absorption, specific
energy absorption, mean crushing force, and crush force efficiency, reveal a strong dependence on re-
inforcement topology. TPMS-based reinforcements maximize peak load-bearing capacity, beneficial for
structural protection, while spinodal reinforcements mitigate force spikes and promote uniform energy
dissipation, advantageous for impact mitigation. Nickel-based systems further outperform titanium
counterparts under impact-relevant deformation due to their higher intrinsic ductility and strain-rate
tolerance. Thermal performance analysis shows that single-phase Ti-6Al-4V lattices possess inherently
low thermal conductivity, whereas Nickel architectures provide moderate improvements. In contrast,
IPCs achieve order-of-magnitude enhancements in effective thermal conductivity through co-continuous
metallic pathways, without compromising mechanical integrity. These multifunctional gains position Ti-
and Ni-based IPCs within a previously inaccessible performance space combining strength, toughness,
energy absorption, and heat dissipation. Overall, the results demonstrate that reinforcement phase
topology and base alloy selection critically govern mechanical, thermal, and impact responses. By judi-
ciously combining Ti-6Al-4V or Nickel architected reinforcements with suitable infiltrated phases, next-
generation multifunctional architected materials can be engineered for demanding aerospace, defense,
and energy applications where simultaneous load-bearing, impact resistance, and thermal management
are required.

Relating Microstructure and Processing to Adhesion Performance for Large
Area Additive Manufacturing Polymer Composite Extrusion/Deposition
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Polymer extrusion /deposition is perhaps the most popular additive manufacturing technology as it offers
significant design flexibility with extensive material options at a low cost. While including chopped
carbon fibers into the polymer matrix has been shown to improve thermo-mechanical properties, fiber
inclusions appear to promote micro void fomration in the bead microstructure, leading to inferior part
performance. This presentation considers the process-property-performance (PPP) relationship for large
scale additive polymer composites extrusion deposition additive manufacturing. More specifically, the
focus is on the effect of the extrusion-deposition process on fiber orientation and micro-void formation,
and the subsequent effect of the printed material microstructure on bead adhesion. Micro CT is used
to characterize the microstructure within printed neat and carbon fiber ABS (CF-ABS) beads where
correlation between fiber alignment and void formation is explored for the pellet feed stock, a freely
extruded strand, a deposited bead, and a roller compacted bead. Micro CT scans were performed
with a Northstar Imaging X3000 system at 1.4 micron resolution and Volume Graphics software was
used for imaging analysis. A Strangpresse Model 19 single screw extruder was used to produce the
test samples. Scan results show that negligible micro-void formation occurs in the neat ABS while
significant void content appears in the CF-ABS pellets, extrudate and beads. Void volume fraction
increases as a result of the extrusion process, however, deposition and roller compaction both decrease
void content. Further image processing reveals that a high percentage of micro-voids are positioned
at the tips of the suspended fibers. To better understand the factors that may contribute to CF-
ABS micro-void formation, fiber tip pressure within the extrusion/deposition polymer composite melt
flow was evaluated with a custom multiscale finite element modeling procedure. Quasi-static single
fiber angular velocity and surface pressure were calcualted with a Newton-Raphson iteration approach
that zeros fluid induced fiber torque and force at the micro-scale. Then, fiber motion was computed
as a function of time using Runga-Kutta iteration which was shown to agree with Jeffery’s orbit for
ellipsoidal fibers in Newtonian flows. Single fiber simulations showed a significant low-pressure zone
presents itself near the tip of a fiber as it rotates into the direction of alignment with the flow. Further,
evaluation of single fiber motion along macro-scale finite element generated streamlines of extrusion-
deposition flows showed that low fiber tip pressures peaked as fibers exit the nozzle and the melt
flow turns during deposition. While specific formation of micro-voids has yet to be simulated, these
results identify a new fundamental mechanism for potential micro-void occurrence at fiber tips during
processing. Finally, a finite element study and fracture toughness testing are presented which highlight
the dependence of interlayer bead adhesion on fiber orientation and micro-void content. A transient
thermal analysis was performed in ABAQUS where beads are added to the finite element mesh using
the element birth algorithm. An eight bead single stack model was analyzed to obtain the temperature
history at bead interfaces during deposition for various assumed microstructures (i.e., various scenarios
of fiber orientation and micro-void content). Results show higher cooling rates in beads closest to the
build platform (assumed to be a room temperature) and similarly, higher temperature gradients occur
when randomly oriented fiber microstructures are assumed. Further, a degree of healing calculation was
performed which indicated a significantly lower adhesion between beads occurred near the build platform
and when random orientations were assumed. Fracture toughness testing was then performed on printed
samples which showed that intrabead strength increased with distance from the build plate and also
with decreased fiber alignment, agreeing qualitatively with the simulation results. The overall results
provide significant insight into the complex relationship between large scale carbon fiber composite
material extrusion-deposition process, the properties of the bead microstructure, and ultimately the
bead-to-bead adhesion performance.
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Thermoplastic composites are gaining increasing interest across high-performance industries due to
their recyclability, rapid processing capability, and improved damage tolerance. Nevertheless, in-service
damage can compromise structural reliability and necessitate efficient, high-quality repair methods.
Traditional repair techniques often struggle to create strong, reproducible bonds in thermoplastic ma-
trices without extensive heating infrastructure or complex surface preparation. This study presents
a repair concept that leverages 3-D printing to fabricate patches integrating a conductive interfacial
layer. The printed conductive layer enables localised Joule heating at the patch/substrate interface,
allowing controlled fusion bonding without requiring bulk heating of the parent structure. Patches were
manufactured using fused-filament fabrication (FFF) method with thermoplastic matrices matching the
target substrates. This architecture allows precise spatial control of heat generation, enabling rapid
and energy-efficient bonding. Damage was introduced in glass fibre reinforced thermoplastic laminates,
followed by patch application under various current, pressure, and heating-cycle conditions. Mechanical
performance evaluation was complemented by microscopy and micro-CT to assess interface quality and
healing behaviour. Preliminary results show that Joule-heated fusion bonding achieves strong interface
consolidation. The approach offers a highly adaptable, low-energy alternative to conventional repair
methods and demonstrates the potential of multi-material additive manufacturing to enable intelligent,
field-deployable repair technologies for thermoplastic composite structures.
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Studiorum, Italy
Minak, Giangiacomo (giangiacomo.minak@unibo.it), University of Bologna - Alma Mater Studiorum,
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In the advancement of Additive Manufacturing (AM), Continuous Fiber Fused Filament Fabrication
(CF4) has recently been developed as an innovative approach to enhance the performance and strength-
to-weight ratio of 3D printed parts. Through the employment of dedicated equipment, CF4 enables
the fabrication of high-strength lightweight components reinforced by embedding continuous filaments
of carbon fiber, fiberglass, or Kevlar along selected directions. Although the materials available for
this technology have been characterized and the data on the mechanical properties of continuously
reinforced specimens have been reported, a comprehensive methodology or protocol for effectively im-
plementing CF4 equipment in the production of components for technical applications represents a
gap in the literature. Therefore, this research work presents a model based on an extensive experi-
mental campaign previously conducted, with the objective of defining safe operational thresholds for
CF4 materials in automotive and aerospace applications, and predicting the failure modes and frac-
ture mechanisms. As part of the experimental campaign, a built-in material card was obtained from
multiple batches of mechanical tests, including tensile, in-plane shear, Double Cantilever Beam (DCB),
End-Notched Flexure (ENF), and compression tests. These experimental activities were carried out
following an elaborated Design of Experiment (DoE) developed to identify and quantify the correlation
between material properties and the influence of process parameters. All specimens were additively
manufactured using a Markforged@® Mark Two 3D printer, which allows layer-by-layer reinforcement
following defined fiber orientation paths. A regression-based approach was adopted to support the
post-processing methodology, enabling the effective extrapolation and integration of the experimental
results. Furthermore, the experimental outcomes were validated through Finite Element Method (FEM)
analyses to assess the accuracy and reliability of the obtained data. Microscopic investigations, includ-
ing optical and stereoscopic analyses, were also performed to examine the load-bearing cross-sectional
areas, fibers integrity, and fracture mechanisms of the specimens. The results of the experimental
campaigns shall be employed as input for the predictive model designed to estimate failure mechanisms
and define safe operational parameters for the CF4 design process. Finally, the proposed model will be
validated through the analysis of a real-case study in future works.




Extrusion Behavior and Parameter Investigation of Fused Filament

Fabrication of Fiber Reinforced Poly Ether Ether Ketone Including
Closed-Loop and Pressure Control

Matschinski, Alexander (alexander.matschinski©@siemens.com), Chair of Carbon Composites,
Technical University of Munich, Germany
Hilfer, Martin (martin.hilfer@tum.de), Chair of Carbon Composites, Technical University of Munich,
Germany
Etchegaray Bello, Margarita (margarita.etchegaray.Belo@tum.de), Chair of Carbon Composites,
Technical University of Munich, Germany
Ludvigsen, Jacob (jacob.ludvigsen@uit.no), Mechanical Engineering, Arctic University of Norway,
Norway
Juan Alburquerque, Alberto (alberto.juan.alburquerque@tum.de), Chair of Carbon Composites,
Technical University of Munich, Germany
Kriegl, Benedikt (benedikt.kriegl@tum.de), Chair of Carbon Composites, Technical University of
Munich, Germany
Drechsler, Klaus (klaus.drechsler@tum.de), Chair of Carbon Composites, Technical University of
Munich, Germany

The Usage of additively manufactured components has significantly increased in several industries,
especially in aviation and aerospace. Modern aircraft engines consist of around 10 percent printed
metal components. Within the next decade, this proportion could rise to over 20 percent. On the other
hand, polymer-based additive manufacturing involves more parameters than metal-based processes,
and the basic materials have been less well researched so far, especially high-performance materials
like Poly Ether Ether Ketone PEEK. Therefore, reinforced polymer-based printed components can only
be approved for industrial use under significant restrictions and compromises in material performance.
To address this gap, several research groups are investigating the additive extrusion process in general
and using methods such as OFD, FMEA, SWOT, and TRIZ [1,2]. As result, the major characteristic
is the melt state of the polymer and its solidification [3]. One factor influencing the melt state is
the composition of the feedstock material, which was investigated by Sommacal et al. [4]. Another
factor is the fluid pressure and thus the throughput of the nozzle [5]. Investigating the fluid pressure
requires detailed understanding of the extrusion process. Therefore, we split the entire additive extrusion
processing of pure and fiber-reinforced PEEK into its basic mechanisms, such as material shape, feed
rate, friction losses, etc.. This approach makes it possible to measure the contribution of each parameter
to the overall printing quality and enables the creation of process guidelines. The feedstock material
defines the input based on its shape and feedability. Fluctuations in these parameters are not corrected
without additional controls. The fluctuation from the measured mean value is between -3.1 and +1.3
percent for pure PEEK and between -2.1 and +2.1 percent for reinforced material. The surface texture,
together with the force transmission of the feeding mechanism, determines the feedability. The drive-
motor causes a fluctuation of less than 0.025 percent and can be disregarded. In summary, the shape
of the feedstock material defines the input tolerance. In addition to material supply, the feed rate
is a crucial process sequence. For this reason, the position and type of feeding recording are being
investigated. A specially developed optical measuring setup is used as validation system. This enables
in-process measurements of movements smaller than 5 micrometers. The difference to a mechanically
based measurement is 1 percent. Since the tolerance of the measuring is significantly smaller than the
position of the detection, the impact of a mechanical measurement at the print head can be clarified and
be used for closed-loop control. Despite closed-loop control of the feeding rate, fluctuations in process
quality still occur. Although controlling the feeding rate halves the fluctuations in feeding pressure at
the print head, extrusion is not constant. In addition to the inconsistent material feed, various friction
losses occur. The results show controlling tolerances based on feed control is not sustainable. Instead,
the results show the use of a pressure sensor in the print head holder as an input signal provides better
results. This is the next step toward a more controllable additive extrusion process. References: [1] Kabir
et al.; A critical review on 3D printed [...]; Composite Structures 2020;232:111476 [2] Matschinski et
al.; Analysis for understanding and standardization [...]; ESAform 2021 [3] Fallon et al.; Highly loaded
fiber filled polymers [...]; Additive Manufacturing 2019;30:100810 [4] Sommacal et al.; Detailed void
characterisation by X-ray [...]; Composite Structures 2023;38:116635 [5] Osswald T.A. et al.; Fused
filament fabrication melting model; Additive Manufacturing 2018;22:51-9.

7

abst. 1195
TIGELLIO
Wednesday
June 24
17h10



abst. 1196
TIGELLIO
Wednesday
June 24
15h30

abst. 1243
TIGELLIO
Wednesday
June 24
16h10

MECHANICAL PERFORMANCE OF MULTILAYER CFRP COMPOSITES
WITH POLYURETHANE COATING

Komorek, tukasz (lukasz.komorek@wat.edu.pl), Military University of Technology, Poland
Arkuszynski, Piotr (piotr.arkuszynski@student.wat.edu.pl), Military University of Technology, Poland
Roskowicz, Marek (marek.roskowicz@wat.edu.pl), Military University of Technology, Poland
Komorek, Andrzej (a.komorek@law.mil.pl), Polish Air Force University, Poland
Banas, Dariusz (baruska@poczta.onet.pl), , Poland

Carbon fiber reinforced polymer (CFRP) composites are increasingly used in mechanical engineering
applications due to their favorable strength-to-weight ratio and high stiffness. Nevertheless, their
behavior under impact loading and their sensitivity to surface damage remain important considerations
in structural design. The application of protective coatings represents a potential approach to modifying
the mechanical response of CFRP structures under both static and dynamic loading conditions. This
study investigates the influence of a Raptor polyurethane coating on the mechanical performance of
multilayer CFRP composites. The coating was applied using a number of different application methods,
leading to variations in coating characteristics and coating—substrate interaction. For comparative
purposes, uncoated CFRP samples were also tested to assess whether applying a Raptor polyurethane
coating, regardless of the application method, would significantly improve the mechanical properties of
the test material. Experimental investigations included impact resistance tests as well as quasi-static
mechanical tests such as flexural bending and tensile loading. Particular attention is given to the role
of the coating in altering damage initiation and progression in the composite structure. The analytical
section of the article utilized a high-speed camera to observe the material’s response to impacts, and
analyzed graphs from an instrumented impactor in an Instron drop hammer. This allowed for the
generation of accurate results and the drawing of proper conclusions. The results of this work contribute
to a better understanding of the interactions between polyurethane coatings and CFRP substrates
under mechanical loading. These findings provide a basis for further optimization of coating application
methods aimed at improving the durability and mechanical reliability of composite structures used in
mechanical engineering, as well as modifying other aspects of carbon fiber-based polymer composite
manufacturing at earlier production stages. Keywords: sandwich composite, coating, impact strength,
application, bending.

Ultrasound-assisted 3D printing of glass fiber-reinforced polymers
Yu, Tianyu (tianyuyu®@hit.edu.cn), Harbin Institute of Technology, China

Particle-reinforced polymers attracted great attention in aerospace and automotive, where fiber align-
ment plays a critical role. Conventional manufacturing methods and magnetic/electric field-based fiber
alighment techniques require certain filler geometries and electromagnetic properties, severely limiting
their applicability. In this study, a novel ultrasound-assisted stereolithography additive manufacturing
technique was developed, exploiting acoustic radiation forces generated from the acoustic property mis-
matches between fiber fillers and polymer matrix, manipulating multidirectional alignment of glass fibers
and graphene particles during 3D printing. A method to quantify the fiber alignment level was devel-
oped and profound effects of ultrasonic driving voltage and fiber mass fraction on the fiber alignment
rates were clarified, enabling up to 93.44% orientation rate within the target angular range. Tensile
testing of four fiber-aligned specimens revealed that the 0° unidirectionally aligned sample exhibited
superior performance, with tensile strength increasing by 46.29% compared to random-aligned samples
and by 91.43% compared with pure polymers. By integrating a rotating platform with the acoustic
radiation force field, layer-by-layer fiber angle control was realized, facilitating the fabrication of complex
3D structures—including bionic flowers, character patterns, and intricate geometries. The developed
technique was further validated using spherical nickel-coated graphite particles, attaining a 90.20% ori-
entation rate, expanding its potential for aligning particles with different geometries during 3D printing
of particle-reinforced polymers.




Low and High-Strain-Rate Mechanical and Energy Absorption Performance
of Additively Manufactured Re-Entrant PEEK Structure

Demirbas, Munise Didem (mddemirbas@erciyes.edu.tr), Erciyes University, Tiirkiye
Caliskan, Umut (ucaliskan®@erciyes.edu.tr), Erciyes University, Tiirkiye
Sevim, Caglar (Department of Mechanical Engineering, Faculty of Engineering, Nigde Omer
Halisdemir University), , Turkey

Re-entrant lattice geometries exhibiting negative Poisson’s ratio behavior have attracted significant
attention for energy absorption and impact mitigation applications due to their enhanced deformation
stability and progressive collapse mechanisms. When combined with high-performance thermoplas-
tics such as polyether ether ketone (PEEK), these architected structures offer strong potential for
lightweight, impact-resistant engineering components. However, the strain-rate-dependent mechani-
cal response and energy absorption capability of additively manufactured re-entrant PEEK structures
remain largely unexplored, particularly under high strain-rate loading conditions. In this study, novel re-
entrant lattice structures were designed and manufactured using fused deposition modeling (FDM) with
PEEK filament. The geometries were developed in-house to promote controlled deformation, delayed
densification, and improved energy absorption under compressive loading. Specimens were fabricated
using a high-temperature FDM system under optimized printing conditions to ensure adequate inter-
layer bonding and dimensional consistency. The mechanical behavior of the re-entrant PEEK structures
was experimentally investigated over a wide range of strain rates, including quasi-static loading and
three distinct high strain-rate levels using a Split Hopkinson Pressure Bar (SHPB) apparatus. Dynamic
stress—strain responses were obtained, and key performance indicators such as peak stress, specific en-
ergy absorption, crushing efficiency, and strain-rate sensitivity were evaluated. The deformation and
collapse mechanisms were examined to identify the influence of strain rate on structural stability and
failure progression.

Energy Absorption Performance of Cylindrical Additively Manufactured
Architected Structures

Haydar, Altay (ALTAY.HAYDAR®@emu.edu.tr), Eastern Mediterranean University, North Cyprus via
Mersin 10, Tiirkiye
Al Mahmoud, Zummurd (zummurd.mahmoud@emu.edu.tr), Eastern Mediterranean University, North
Cyprus via Mersin 10, Tiirkiye
Petrti, Jana (jana.petru@vsb.cz), VSB-Technical University of Ostrava, Czech Republic
Sahmani, Saeid (s.sahmani@ug.edu.ge), The University of Georgia; Polish Academy of Sciences;
Korea University, Georgia; Poland; Republic of Korea
Asmael, Mohammed (m.asmael@qub.ac.uk), Queen’s University Belfast, UK
Babak Safaei (babak.safaei@emu.edu.tr), Eastern Mediterranean University; VSB-Technical

University of Ostrava, North Cyprus via Mersin 10, Tiirkiye; Czech Republic

The mechanical properties of architected materials are controlled by modifying its geometry rather than
base material. In this way, diverse mechanical properties can be attained with the use of same material.
The developments in additive manufacturing (AM) technology facilitated the production of complex
architectured materials. In this study, compression energy absorption performance of cylindrical archi-
tected structures is investigated. Fused filament fabrication (FFF) printer is used for manufacturing
cylindrical architected structures. The specimens are made from thermoplastic polyurethane (TPU). The
material properties of TPU are obtained from compression and tension tests. These data are then im-
plemented into commercial finite element analysis (FEA) software LS-DYNA. T Cylindrical compression
samples are tested in quasi-static condition by exploiting universal testing machine. The experimental
testing is simulated in FEA by defining fixed boundary condition for bottom plate and prescribed motion
for top plate, thus the cylindrical architected structure is squeezed between two plates. The ensemble
and deep learning machine learning (ML) methods are used for mapping nonlinear stress-strain, the
correlation between structural design parameter and the predicted energy absorption. The FEA and
ML results are in conformity with experimental data. The designed structure showed tunable energy
absorption capability.
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Manzoor, Faisal (f.manzoor@ulster.ac.uk), Ulster University, United Kingdom
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Hanna, Mary (hanna-m32@ulster.ac.uk), Ulster University, United Kingdom
Archer, Edward (e.archer@ulster.ac.uk), Ulster University, United Kingdom

This study investigates the influence of fiber orientation, specimen thickness, and hole preparation
techniques on the bearing strength of bolted joints in 3D-printed Carbon Fibre Reinforced Polymer
(CFRP) composites. Specimens were manufactured using a Markforged Two 3D printer with different
layer layups (longitudinal and quasi orientation) with samples with integrated printed holes and with
post-processed drilled holes using the drilling/reaming technique. ASTM D5961's double lap shear
test was used to evaluate how fibre steering and continuity affect mechanical performance and failure
progression. Drilled hole specimens performed slightly better in mechanical performance, achieving
an average peak bearing stress 18.04% higher than their printed specimens. The strength of drilled
specimen with the hole reached 402.08 MPa, compared to 321.94 MPa in the printed specimen, which
is a 22.14% improvement in the strength. This was due to the lower fibre in the printed specimens
using the weaker white nylon matrix with a lower fibre volume fraction (29.87%) compared to Onyx
(36.36%). Failure mode analysis revealed consistent bearing failure with internal damage in printed
specimens, linked to progressive and ductile failure, while drilled samples mostly showed bearing and
net tension failure mode, associated with fibre disruption and abrupt net-tension cracking. These results
underscore the structural advantage of preserving fibre paths through integrated printing. Computed
tomography (uCT) was carried out to investigate the fibre orientation around the hole in printed
samples which confirms voids/porosity cause early failure in the samples with holes printed. Optical
and scanning electron microscopy was carried out to see the failure behaviour and it was noticed that
failure mainly occurs due to delamination/debonding and fibre pull-out. The findings are particularly
relevant to aerospace and automotive applications demanding predictable failure and lightweight, high-
performance design. Overall, this study supports the use of fiber-steered printed holes to improve joint
strength and reliability in CFRP components.
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Zheng, Xitao (zhengxt@nwpu.edu.cn), Institute of Aircraft Composite Structures, Northwestern
Polytechnical University, Xi'an 710072, China, China
Yan, Leilei (yanleilei@nwpu.edu.cn), Institute of Aircraft Composite Structures, Northwestern
Polytechnical University, Xi'an 710072, China, China
Wang, Bing (b.wang@fzu.edu.cn), Fujian Provincial Key Laboratory of Terahertz Functional Devices
and Intelligent Sensing, School of Mechanical Engineering and Automation, Fuzhou University,
Fuzhou 350108, P.R. China, China

3D printing of continuous carbon fiber-reinforced structures relieves molds in composite manufacturing

and gives flexibility to the design of lightweight and robust honeycombs. Nevertheless, how process
defects affect the failure mechanisms of 3D-printed continuous carbon fiber-reinforced honeycombs
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remains undisclosed. To advance this research area, it requires a comprehensive investigation of the
failure mechanisms and process defects of 3D-printed continuous carbon fiber-reinforced composite
circular and auxetic honeycombs, with particular attention to the influence of stacking orientations and
Poisson's ratios. In this study, continuous carbon fiber-reinforced 3D printing has been introduced to
fabricate circular and auxetic honeycombs. Both in-plane and out-of-plane quasi-static compression
experiments were carried out. The mechanical properties and failure mechanisms were investigated
through experimental analysis and cross-section observation, from which the microscopic voids and
weak interfaces were identified as the dominating factors influencing the failure modes. This study
provides insights into the association between process defects and failure mechanisms of 3D-printed
continuous carbon fiber-reinforced honeycombs, which offers guidance for the design of lightweight and
robust composite structures.

A Multiscale Framework for Process Modeling in Thermoset Composites

Maiaru, Marianna (marianna.maiaru@columbia.edu), Columbia University, United States

Manufacturing processes for thermoset composite materials involve tightly coupled thermochemical
and mechanical phenomena acting across multiple length and time scales. Cure kinetics, heat trans-
fer, resin flow, chemical shrinkage, and evolving material properties interact in complex ways during
processing, leading to the development of residual stresses, geometric distortions, and curing-induced
defects such as voids and microcracks. These process-induced features have a critical impact on the
structural integrity and long-term performance of composite components, yet remain difficult to pre-
dict using conventional single-scale modeling approaches. This work presents a multiscale framework
for process modeling in thermoset composites, in which hierarchical and concurrent multiscale model-
ing strategies are combined to capture the evolution of material behavior from the microscale to the
structural scale. At the microscale, physics-based models are employed to describe resin cure kinet-
ics, temperature-dependent reaction rates, chemical shrinkage, and the evolution of viscoelastic and
mechanical properties during polymerization. These microscale mechanisms are upscaled to inform
mesoscale descriptions of fiber—matrix interactions, ply-level anisotropy, and damage initiation while
preserving sensitivity to local processing conditions. At the macroscale, the framework couples ther-
mal, chemical, and mechanical fields to simulate manufacturing processes such as autoclave curing
and out-of-autoclave processing. The proposed framework enables predictive simulation of residual
stress accumulation, curing-induced distortions, and the initiation of microcracks arising from chemical
shrinkage, thermal mismatch, and constrained deformation during processing. Representative numeri-
cal examples are presented to demonstrate the capability of the framework to capture the influence of
processing parameters and cure cycles on stress evolution and defect formation. The results highlight
the importance of accounting for multiscale interactions in thermoset composite manufacturing and
illustrate the potential of the proposed framework as a virtual tool for process optimization, defect
mitigation, and improved manufacturing-informed design of composite structures.

Topologically Variable Heterogeneous Lattice Infills: A Novel Algorithm and
Effective Property Assessment

De Canio, Francesco (francesco.decanio@uniromal.it), Department of Structural and Geotechnical
Engineering, Sapienza University of Rome, Via Antonio Gramsci 53, Rome, 00197, Italy
Pingaro, Marco (marco.pingaro@uniromal.it), Department of Structural and Geotechnical
Engineering, Sapienza University of Rome, Via Antonio Gramsci 53, Rome, 00197, Italy

Venini, Paolo (paolo.venini@unipv.it), Department of Civil Engineering and Architecture, University

of Pavia, Via Adolfo Ferrata 3, Pavia, 27100, Italy

Trovalusci, Patrizia (patrizia.trovalusci@uniromal.it), Department of Structural and Geotechnical
Engineering, Sapienza University of Rome, Via Antonio Gramsci 53, Rome, 00197, Italy
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Additive Manufacturing (AM) has significantly expanded engineering design possibilities by enabling the
fabrication of complex geometries unattainable through conventional processes [1][2]. Among these,
lattice structures have attracted considerable attention for their ability to achieve lightweight designs
with tailored mechanical properties. In particular, heterogeneous lattices, characterized by spatial vari-
ations in unit cell topology, offer enhanced design flexibility but remain challenging to implement due
to difficulties in ensuring geometric compatibility and mechanical continuity between adjacent cells
[3]- Building upon previous work introducing a connectivity-preserving geometric algorithm for beam-
based unit cells compatible with AM constraints, this study presents a novel geometrical algorithm for
the generation of topologically variable heterogeneous lattice infills. The structures are modelled as
equivalent continua with spatially varying effective properties derived from unit cell geometry, enabling
accurate mechanical representation while reducing computational cost. The resulting lattice systems
constitute architectured composite materials whose effective mechanical properties are obtained through
asymptotic homogenisation of the underlying unit-cell topology. Assuming constant effective proper-
ties within each unit cell further improves numerical robustness and optimization convergence. The
proposed workflow integrates CAD modelling (OpenCascade), adaptive meshing (Gmsh), and finite
element analysis (FEniCSx) into a unified design-to-simulation pipeline. The methodology is validated
through numerical simulations and experimental testing of additively manufactured demonstrator spec-
imens, showing strong agreement between predicted and measured performance. Acknowledgements:
This work is supported by MIUR, project: National Center on HPC, Big Data and Quantum Computing
(ICSC), PNRR - CN1- Spoke6 (CUP: B83C22002940006), Sapienza Ateneo Progetti Grandi (CUP:
B83C24007070005), and PROGETTO MUSICS - FISA-2023-00099 (CUP: B83C25000810001). Ref-
erences: [1] L. Cheng, J. Liu, A. C. To, “Concurrent lattice infill with feature evolution optimization
for additive manufactured heat conduction design”, Structural and Multidisciplinary Optimization, 58,
pp. 511-535, 2018. [2] F. ltuarte, N. Kretzschmar, “Implications of lattice structures on economics and
productivity of metal powder bed fusion”, Additive Manufacturing, 31, 100987, 2019. [3] F. De Canio,
M. Pingaro, P. Trovalusci, “Topologically-tunable heterogeneous infills for 3D printing: a lattice design
algorithm”, Submitted, 2026.
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Advanced numerical techniques for composite structures and materials

A Dual-Reciprocity Boundary Element Formulation for Two-Temperature
Time-Fractional Thermoelastic Analysis of Layered Composite Shells with
Cavities

Fahmy, Mohamed Abdelsabour (maselim@uqu.edu.sa), Umm Al-Qura University, Saudi Arabia

A novel boundary element method (BEM) formulation is developed to investigate the two-temperature,
time-fractional thermoelastic behavior of layered composite shells containing internal cavities under tran-
sient thermal shocks. The model integrates Caputo fractional heat conduction, representing nonlocal
thermal memory, with a two-temperature framework that distinguishes conductive and thermodynamic
temperatures, thereby capturing non-equilibrium heat transfer at microstructural scales. Each composite
layer is characterized by distinct anisotropic thermal and elastic properties, and multi-domain coupling is
rigorously enforced through interface continuity of temperature, heat flux, displacement, and traction.
The governing equations are transformed into the Laplace domain and solved using dual-reciprocity
BEM to eliminate domain integrals, enabling efficient and accurate simulation of complex geometries
without volumetric meshing. Numerical inversion of the Laplace transform recovers the full transient
response. Parametric results reveal that decreasing the fractional order « induces subdiffusive thermal
waves and delays stress development, while increasing the two-temperature parameter bbb enhances
thermal nonlocality and smooths transient gradients. Validation against analytical benchmarks confirms
excellent accuracy, stability, and convergence of the formulation. The proposed approach provides a
robust and computationally efficient tool for analyzing advanced composites and microstructured ma-
terials exhibiting fractional and non-equilibrium thermal behavior, offering new insight into the coupled
thermomechanical response of functional layered systems subjected to high-rate thermal loading.

3D static thermo-magneto-electro-elastic analyis of flat and curved
structures

Brischetto, Salvatore (salvatore.brischetto@polito.it), Politecnico di Torino, Italy
Cesare, Domenico (domenico.cesare@polito.it), Politecnico di Torino, Italy

Nowadays, thermo-magneto-electro-elastic coupling is an unexplored phenomenon for some classes
of smart materials. These cutting-edge intelligent materials can be useful for the development of
advanced aerostructures for the next generation of satellites, aircraft, and space vehicles. Their main
innovations and advantages lie into functioning as sensors and actuators that respond to external
thermal, magnetic, electric, or mechanical loads. To enable the use of these intelligent materials in the
design of innovative aerostructures for next-generation space and aeronautical vehicles, the behaviour
of thermo-magneto-electro-elastic structures must be deeply investigated. To understand the static
behaviour of these intelligent smart structures, a 3D thermo-magneto-electro-elastic analytical model
for multilayered spherical shells is proposed. Thermo-magneto-electro-elastic full coupling is included
considering the six second-order differential equations for the thermo-magneto-electro-elastic problem
as a unique set of equations. The six second-order differential equations consist of: the 3D equilibrium
equations, the 3D divergence equation for the magnetic induction, the 3D divergence equation for
the electric displacement and the 3D Fourier heat conduction. The use of the orthogonal mixed
curvilinear reference system permits to investigate the behaviour of spherical shells, plates, cylinders
and cylindrical panels. The set of second-order differential equations are solved in a closed-form solution
taking into account the Navier harmonic forms in the in-plane directions and the exponential matrix
method in the thickness direction. To correctly evaluate the 3D behaviour of considered structures, a
layer wise approach is introduced by considering interlaminar continuity conditions on displacements,
magnetic potential, electric potential, temperature, transverse shear and transverse normal stresses,
transverse normal magnetic induction component, transverse normal electric displacement component
and transverse normal heat flux component. Some preliminary results will be presented to validate
the model. Then, new results for simply supported multilayered plates, cylinders, cylindrical panels
and spherical shells will be proposed for different thickness ratio (from thick to thin structures). All
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the possible involved effects for this smart material structures will be shown and discussed in terms
of thermo-magneto-electro-elastic coupling, curvature of structures, material layers and lamination
schemes and thickness layer values.

A Locking-Free Variationally Consistent Finite Element Formulation for
Functionally Graded Timoshenko Curved Tapered Beams

Santos, Hugo A.F.A. (hugo.santos@isel.pt), Instituto Superior de Engenharia de Lisboa, Portugal
Silberschmidt, Vadim V. (v.silberschmidt@Iboro.ac.uk), Loughborough University, UK

Functionally graded materials (FGMs) have attracted increasing interest thanks to their ability to over-
come inherent limitations of laminated composites, leading to widespread use in advanced engineering
applications. This has motivated extensive research on the modeling, analysis, and optimization of
FGM beams, plates, and shells, with continuing efforts to develop simple, reliable and computationally
efficient structural models. Complex geometries of many FGM components pose significant challenges
to robust numerical modeling. While finite element methods have proven highly versatile, standard
displacement-based formulations for curved Timoshenko beams typically suffer from shear-locking in
slender configurations and membrane-locking when curvature increases. Common strategies, such as
assembling short straight elements or resorting to hybrid-mixed formulations, either require many el-
ements or are restricted largely to uniform cross-sections, with only limited extensions available for
non-uniform geometries. This work proposes a simple, and effective finite element formulation for
functionally graded Timoshenko curved tapered beams. The formulation is based on a complementary-
energy-based variational setting in which the approximations satisfy all equilibrium equations in strong
form, inherently eliminating both shear- and membrane-locking. The accuracy and robustness of the
formulation are demonstrated through representative benchmark examples, and the obtained numerical
results are thoroughly analyzed and discussed.

Validation of analytical models for adhesive-bonded single-lap joints using a
physics-informed neural network

Jan, Faizullah (faizullah.jan@pg.edu.pl), Gdarisk University of Technology, Poland
Kujawa, Marcin (marcin.kujawa@pg.edu.pl), Gdarisk University of Technology, Poland
Smakosz, tukasz (lukasz.smakosz@pg.edu.pl), Gdansk University of Technology, Poland
Winkelmann, Karol (karol.winkelmann@pg.edu.pl), Gdansk University of Technology, Poland
Konopiriska-Zmystowska, Violetta (violetta.konopinska@pg.edu.pl), Gdansk University of Technology,
Poland
Eremeyev, Victor (victor.eremeev@unica.it), University of Cagliari, Italy

Recent advances in computational resources and data science have led to the rapid growth of deep
learning neural networks, a class of machine learning algorithms that has gained popularity due to its
practical applicability across a wide range of science and engineering fields. One prominent and emerg-
ing application of deep learning is the solution of partial differential equations (PDEs). This has led
to the development of physics-informed neural networks (PINNs), which incorporate physical laws to
solve the differential equations governing specific scientific problems. As PINNs have proven to be an
effective approach for solving PDEs, specialized algorithms are required that embed initial and bound-
ary conditions directly into the cost function of artificial neural networks (ANNs) through automatic
differentiation, ensuring consistency with the underlying physics. The validation of analytical models
in engineering mechanics is commonly performed using experimental measurements or high-fidelity nu-
merical simulations. However, closed-form analytical solutions are available only for a limited class of
idealized problems. In most practical engineering applications, the governing physics is formulated in
terms of PDEs, whose exact solutions are generally unattainable due to geometric complexity, nonlinear
material behavior, and coupled boundary conditions. As a result, numerical discretization techniques,
most notably the finite element method, are widely employed as reference solutions for model validation.
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Despite their effectiveness, such methods introduce additional modeling and discretization uncertainties
and require substantial computational effort, particularly when very fine meshes or small increment sizes
are needed. Recent advances in physics-informed machine learning, especially deep learning frameworks
that leverage automatic differentiation, offer a promising alternative for validating and solving PDE-
governed problems. By embedding physical laws directly into the learning process, these approaches
enable the construction of continuous, mesh-free solutions without requiring closed-form expressions or
extensive experimental datasets. Nevertheless, the systematic use of physics-informed deep learning as
a rigorous validation framework for theoretical models - bridging experimental observations and classical
numerical simulations - remains insufficiently explored, constituting a significant research gap. As an
initial application in the field of structural adhesive joints, this study validates the PINN framework
against available theoretical solutions for single-lap adhesive joints. The PINN approach is employed
to predict axial stresses in the bonded adherends and the distribution of shear stresses in the adhesive
layer of SLAJs under two modeling scenarios: (i) a formulation that neglects shear deformation in the
adherends and (ii) an extended formulation that accounts for shear deformation in the adherends. The
governing physics is described by a differential equation in which the axial stresses in the upper and
lower adherends are treated as the primary variables and expressed as functions of the longitudinal co-
ordinate along the joint. The axial stress fields are obtained by solving the differential equation subject
to prescribed boundary conditions, while the remaining stress components, namely the adhesive shear
stresses, are derived analytically from the axial stress solutions in the adherends. The accuracy of the
proposed PINN-based methodology is evaluated through direct comparison with closed-form analytical
solutions for both modeling cases, obtained using Mathematica. The excellent agreement between
the PINN predictions and the analytical solutions demonstrates the validity and robustness of the pro-
posed numerical approach. Future work will extend this framework to bonded joint configurations that
incorporate bending effects, enabling the prediction of peel stresses and transverse tensile stresses.

A geometrically nonlinear MITC6 triangular shell formulation for laminated
composite structures

Liu, Bo (liubo68@buaa.edu.cn), Beihang University, China
Wu, Jiaojiao (), ,
Liu, Cuiyun (), ,

This work presents geometrically nonlinear analyses of laminated composite shell structures using an ef-
ficient six-node triangular shell finite element based on the Mixed Interpolation of Tensorial Components
(MITC) concept. The element combines the adaptability of triangular meshes to complex geometries
with the ability of the MITC method to mitigate locking issues, aiming at providing an effective numer-
ical tool for complex composite shells characterized by large deformations and strong anisotropy. The
formulation is developed within a total Lagrangian framework and employs Reissner-Mindlin kinematics
to account for transverse shear deformation in moderately thick and thin shells. Large displacements
and rotations are captured by means of the covariant Green-Lagrange strain measure, while selected
strain components are interpolated through an MITC-based assumed strain approach in order to effec-
tively eliminate shear and membrane locking. An equivalent single-layer laminate constitutive model is
adopted, in which the orthotropic lamina stiffnesses are transformed into the shell coordinate system
and analytically integrated through the thickness to obtain extensional, bending, coupling and trans-
verse shear stiffness matrices. Validated through several numerical examples of laminated composite
shells undergoing large deformations, the MITC6 shell element demonstrates the following characteris-
tics: effective suppression of shear and membrane locking, robustness on severely distorted triangular
meshes, and superior accuracy and computational efficiency relative to other triangular elements in
geometrically nonlinear composite shell analyses. The results show that the well-constructed MITC6
triangular element, combined with an anisotropic laminate constitutive model, provides a practical and
reliable tool for the large-deformation analysis of complex laminated composite shells in engineering
practice.
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An efficient MITC9 shell element for large-deformation analysis of
laminated composite shells

Wu, Jiaojiao (wujiaojiao@buaa.edu.cn), The Solid Mechanics Research Center, School of Aeronautic
Science and Engineering, Beihang University (BUAA), China
Liu, Bo (liubo68@buaa.edu.cn), The Solid Mechanics Research Center, School of Aeronautic Science
and Engineering, Beihang University (BUAA), China

This study focuses on the geometrically nonlinear analysis of laminated composite shells using an
efficient MITCO shell formulation. The Mixed Interpolation of Tensorial Components (MITC) approach
is employed to develop a nine-node quadrilateral shell element. In this formulation, selected covariant
components of the Green-Lagrange strain tensor are interpolated independently at optimally positioned
tying points and then projected back onto the displacement field. Explicit expressions for both direct and
assumed strain-displacement matrices are derived in a local Cartesian coordinate system, incorporating
transverse shear strain gradients. This formulation allows the element to maintain the standard five
Reissner-Mindlin degrees of freedom per node while effectively mitigating both shear and membrane
locking, even under large rotations. A robust orthotropic laminate constitutive model is established
in the convected shell basis. The stiffness of each orthotropic lamina is first defined in its material
coordinate system, then transformed to the shell coordinates, and subsequently analytically integrated
through the thickness. This yields the classical extensional, coupling, and bending stiffness matrices,
as well as the transverse shear stiffness matrix, applicable to arbitrary stacking sequences. Within
the total Lagrangian framework, these laminate stiffnesses are coupled with the MITC9 kinematics,
resulting in a consistent tangent stiffness matrix that separates material and geometric contributions,
making it suitable for Newton-Raphson iterations in large-deformation analyses. The performance of
the proposed formulation is validated through several benchmark problems involving highly anisotropic
laminates and large rotations. These examples include: a semi-cylindrical shell subjected to a radial
point load, a cantilever plate under end-distributed loading, a circular ring plate under edge-line loading,
a free-ended cylindrical shell under symmetric tensile loading, and a perforated laminated hemispherical
shell under concentrated loads. In all cases, the MITC9 element accurately reproduces reference load-
displacement curves and displacement contours, demonstrates locking-free behaviour even on relatively
coarse meshes, and exhibits excellent robustness with respect to mesh distortion and lay-up variations,
confirming its effectiveness for nonlinear analysis of laminated composite shells.

Development of Flip-Chip Underfills for Advanced Chip Packaging: An
Integrated Computational and Experimental Approach

Sarfraz, Muhammad Salman (msalmansarfraz@kaist.ac.kr), Department of Mechanical Engineering,
Korea Advanced Institute of Science and Technology (KAIST), Daejeon, Republic of Korea, South
Korea
Lee, Mingeun (mg.lee@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced Institute
of Science and Technology (KAIST), Daejeon, Republic of Korea, South Korea
Kim, Wonvin (wonvinlee@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced
Institute of Science and Technology (KAIST), Daejeon, Republic of Korea, South Korea
Kim, Seong Su (seongsukim@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced
Institute of Science and Technology (KAIST), Daejeon, Republic of Korea, South Korea

Advanced semiconductor packaging is widely applied in consumer electronics, automotive systems,
industrial automation, and healthcare devices, where high integration density and reliable thermal man-
agement are required. As multiple chips are integrated into a single package, efficient heat dissipation
becomes critical for long-term performance and reliability. Underfill materials are used to provide
mechanical support, reduce thermomechanical stress, and improve heat transfer between the chip and
substrate. However, it remains difficult to achieve high thermal conductivity together with low viscosity,
electrical insulation, and low coefficient of thermal expansion (CTE). Increasing the amount of inorganic
fillers generally improves thermal conductivity; however, it also leads to higher viscosity and reduced pro-
cessability, which can result in void formation and stress concentration. In this work, aluminum nitride
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(AIN) particles are employed as thermally conductive fillers due to their high intrinsic thermal conduc-
tivity and electrical insulating behavior. A spherical-like bimodal core—shell filler structure is prepared
by coating larger AIN particles with smaller AIN particles using suitable coupling agents. Different size
ratios and filler volume fractions are fabricated to improve packing density and dispersion in the epoxy
matrix. The bimodal filler configuration allows higher filler loading while maintaining relatively low vis-
cosity. Thermal conductivity, viscosity, elastic modulus, electrical resistivity, and CTE of the fabricated
underfill composites are measured. The microstructure and filler distribution are analyzed to understand
the packing behavior of the bimodal system. The effect of filler size ratio and volume fraction on the
overall composite properties is evaluated. At filler volume fractions of 45-50%, the developed underfill
composites show thermal conductivities in the range of 2.3-2.7 W/m-K while maintaining viscosities
between 1.94 and 7.49 Pa-s. Compared with conventional commercial underfills and previously reported
epoxy-based systems, these results demonstrate a clear improvement in both thermal and rheological
performance. Our results indicate that the proposed bimodal core—shell AIN filler architecture provides a
practical and scalable route for the development of next-generation underfill materials, enabling efficient
thermal management in advanced semiconductor packaging without compromising manufacturability
or long-term reliability. This work was supported by the National Research Foundation of Korea (NRF)
through the National RD Program, funded by the Ministry of Science and ICT (RS-2023-00260461).
Keywords: Epoxy-based composites, underfill materials, flip-chip, semiconductor, thermal conductivity

Higher order Haar wavelet method approach for high strain rate response of
composite structures

Majak, Jiiri (juri.majak@taltech.ee), Tallinn University of Technology, Estonia
Karjust, Kristo (kristo.karjust@taltech.ee), Tallinn University of Technology, Estonia
Eerme, Martin (martin.eerme@taltech.ee), Tallinn University of Technology, Estonia
Matsulevits, Johannes (Johannes.Matsulevits@taltech.ee), Tallinn University of Technology, Estonia

The high strain rate response of thin composite beams/plates subjected to impulsive loading is studied
using a higher-order Haar wavelet method. The composite structures are subjected to a transient force
applied either at the free end or at the midpoint. Emphasis is placed on the dynamic deformation
behavior under high strain rate conditions. The study provides insight into the dynamic performance
of thin composite structures subjected to impulsive loads, which is relevant to impact-resistant and
lightweight structural applications. Fractional damping is incorporated into the analysis, and Caputo
fractional derivatives are employed to model the governing fractional differential equations. The so-
lution procedure is based on the separation of variables, solution of the spatial equations using beam
bending formulations, solving the time-fractional equations using the higher-order Haar wavelet method
(HOHWM). The influence of fractional damping on the dynamic response is analyzed in detail.

Z-Pin Reinforcement for Improved Tensile Strength in Stepped
Co-CuredComposite Joints

Loi, Gabriela (gabriela.loi@unica.it), University of Cagliari, Italy
Rzeczkowski, Jakub (j.rzeczkowski@pollub.pl), Lublin University of Technology, Poland
Samborski, Sylwester (s.samborski@pollub.pl), Lublin University of Technology, Poland

Aymerich, Francesco (faymQ@unica.it), University of Cagliari, Italy

In applications involving thin composite structures, co-curing is widely preferred over mechanical fasten-
ing techniques as it improves joint load-bearing capacity and induces a more uniform stress distribution
over the bonded region. Nevertheless, the inherent low transverse strength of fiber-reinforced laminated
materials and the high peel and shear stresses arising at joint edges made co-cured composite joints
highly to delamination. Among the techniques proposed to enhance the delamination resistance of
laminated composites, z-pinning—which consists of inserting thin metallic or fibrous pins through the
thickness of an uncured laminate—emerged as a promising approach. Z-pinning has proven effective in
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improving the structural performance of various joint configurations, although limited studies focused
on the effect of pins with unconventional shapes. Compared to conventional straight configurations,
U-shaped pins may establish additional load transfer paths between adherends while further reducing
stress concentrations at joint edges. Furthermore, most of the existing studies examined reinforcing
patterns involving comprehensive pinning throughout the whole overlap region, leading to high pin den-
sities that may degrade the in-plane tensile properties of the composite laminate. Therefore, this study
examines the quasi-static performance and damage progression of stepped-lap composite joints selec-
tively reinforced with conventional and U-shaped metal z-pins. Manufactured with a cross-ply layup,
joints were bonded through an overlap length of 40 mm. Before curing, selected panels were selectively
reinforced with stainless steel z-pins, which were inserted into pre-punched holes aligned in four rows
straddling the joint line and positioned 5 mm from the joint edges. Unpinned and pinned joints were
vacuum-bagged and co-cured in an autoclave. Coupon specimens 20 mm in width were eventually cut to
perform quasi-static tensile tests. Experimental findings indicate that debonding, initiating at the joint
edges and propagating along the joint interface until complete adherend separation, governs ultimate
failure in both unpinned and pinned configurations. To gain deeper insight into damage mechanisms,
experimental tests were analyzed using multiple methodologies to characterize damage initiation and
progression throughout the loading history. Moreover, a finite element model of unpinned and pinned
joints was subsequently developed employing cohesive damage formulations to capture both joint and
pin-laminate debonding phenomena. Numerical predictions demonstrate favorable agreement with ex-
perimental observations regarding ultimate strength, load-displacement behavior, and debonding crack
evolution. The proposed model successfully captures the beneficial effect of through-thickness z-pins
on joint static strength and damage tolerance, demonstrating that z-pins do not delay delamination
onset but rather prevent its propagation by reducing the energy release rate at the crack front.

Solid shell finite elements for composite structures

Manickam, Ganapathi (ganapathimanickam@gmail.com), MVJ College of Engineering, Bangalore,
India
Polit, Olivier (opolit@parisnanterre.fr), LEME, Univ Paris Nanterre, France
Vidal, Philippe (pvidal@parisnanterre.fr), LEME, Univ Paris Nanterre, France
D’Ottavio, Michele (mdottavi@parisnanterre.fr), LEME, Univ Paris Nanterre, France

This paper presents a new solid shell finite element for geometrically linear elastic plates/shells. This
finite element aims at modeling both thin and thick plates/shells without any pathologies of the classical
finite element approximation (shear and Poisson or thickness locking, spurious modes, etc). This new
FE uses six nodes for the approximation of the three dimensional geometry. For the displacement, it is
based on the classical Equivalent Single Layer (ESL) of order one using bottom and top displacements
in the three directions. In order to be efficient in the field of composite modelling, Sinus fonctions and
ZigZag terms are added for the two in-plane displacements. The order of the approximation for the
transverse displacement is increased, adding a third unknown, avoiding Poisson locking. The transverse
normal stress is included allowing use of the three-dimensional constitutive law. Final Solid shell FE
are based on 7-, 9- of 11-parameters, using 6 nodes for the three dimensional geometry. The element
performances are evaluated on some standard plate/shell tests, and comparisons are given with exact
three-dimensional solutions for plates under mechanical and thermal loads. All results indicate that
the present element is free of locking phenomenon, highly insensitive to mesh distortion, has very fast
convergence properties and gives accurate results for displacements and stresses

Numerical Assessment of the Vibration Correlation Technique for Buckling
Load Prediction of Imperfect CFRP Cylindrical Shells

Chow, Zhen Pei (zhenpei.chow@p.lodz.pl), Lodz University of Technology, Poland
Gliszczynski, Adrian (adrian.gliszczynski@p.lodz.pl), Lodz University of Technology, Poland
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Accurate prediction of the buckling load of imperfection-sensitive composite cylindrical shells remains a
challenging problem, particularly when vibration-based techniques are applied within nonlinear numerical
frameworks. This study presents a numerical assessment of the Vibration Correlation Technique (VCT)
for estimating the axial buckling load of carbon fiber reinforced polymer (CFRP) cylindrical shells in-
corporating measured midsurface imperfections. A representative set of imperfection cases (Z15-226),
reconstructed from previous experimental measurements, is considered. The cylinders consist of a
non-symmetric four-ply laminate with a [24/-24/41/-41] layup under clamped—clamped boundary con-
ditions, with nominal height and diameter of 500 mm, and a total thickness of 0.5 mm. The numerical
investigation is conducted using LS-DYNA, with particular emphasis on mesh convergence and element
formulation effects relevant to vibration-based buckling prediction. Mesh convergence studies are per-
formed by varying shell element formulations and by progressively doubling the number of elements
along the circumferential direction. This strategy ensures that the nodal locations used to impose
measured midsurface imperfections remain identical across meshes, enabling consistent assessment of
imperfection sensitivity. Convergence is evaluated based on the critical linear buckling load and natural
frequencies of perfect shells, followed by analysis of selected imperfect configurations. VCT follows
predictions that are interpreted using the Arbelo characteristic chart framework, where normalized nat-
ural frequencies and loads are correlated to estimate buckling loads. The methodology shows stable
and conservative buckling load estimates across varied imperfection maps while revealing sensitivities
associated with model choices. The study demonstrates the applicability of VCT within an explicit finite
element framework and highlights numerical aspects, including loading-rate sensitivity, that influence
the stability of VCT extraction for imperfect CFRP cylindrical shells.

Free vibration analysis of doubly-curved laminated shells by Legendre
spectral method and a higher-order shell theory

Ferreira, Anténio J.M. (ferreira@fe.up.pt), FEUP-INEGI, Portugal
Neves, Ana (ananeves@fe.up.pt), FEUP, Portugal
Fernandes, Susana (sfernandes@umaia.pt), University of Maia, Portugal
Cuartero, Jesus (jcs@unizar.es), University of Zaragoza, Spain

A highly efficient pseudospectral approach is developed for the free vibration analysis of laminated
shells based on Reddy’s higher-order shear deformation shell theory. Kronecker products are employed
to construct two-dimensional differentiation matrices, while univariate differentiation matrices are gen-
erated using Legendre polynomials. Acknowledgements: The authors acknowledge Fundagdo para a
Ciéncia e a Tecnologia (FCT) for its financial support to LAETA via the project UID/50022/2025 (DOI:
https://doi.org/10.54499/UID/50022/2025).

Nonlinear Response Analysis of Thermo-Mechanically Coupled C/SiC
Composite Joint Structures

Peng, Jiali (pengjiali _echo@stu.xjtu.edu.cn), Xi'an Jiaotong University, China
Liu, Zhen (liuz@xjtu.edu.cn), Xi'an Jiaotong University, China

C/SiC composites are widely used in high-temperature service structures in aerospace applications
owing to their excellent high-temperature mechanical performance and stable thermochemical proper-
ties. In practical applications, complex assembled structures inevitably incorporate numerous joints to
enable component fastening and load transfer. Under dynamic loading, joint interfaces exhibit pro-
nounced nonlinearities associated with frictional contact and thermally induced expansion, which can
drive preload relaxation and joint stiffness degradation. These effects substantially alter the dynamic
characteristics of the assembly and complicate reliable response prediction. In this study, a typical C/SiC
joint configuration is investigated using a global-local analysis framework. The joint contact region is
locally refined, and nonlinear contact elements are introduced to represent interface opening/closure,
microslip/sliding, and hysteretic energy dissipation. The remainder of the structure outside the contact
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zone is modeled as linear, thereby achieving a practical balance between computational efficiency and
predictive fidelity. In addition, a sequential thermo-mechanical coupling strategy is employed to incorpo-
rate temperature-field-induced variations in material properties, thermal mismatch effects, and preload
relaxation through temperature-dependent updates of contact parameters. This framework enables
nonlinear dynamic response prediction under elevated-temperature conditions. Finally, the predicted
nonlinear dynamic responses are validated against thermo-mechanical experimental response data ob-
tained from the C/SiC joint, providing methodological support for the design optimization and reliability
assessment of C/SiC jointed structures.

Liouville-Green Analysis of Love Wave Dynamics at Spring—Membrane
Interfaces in Generalised Linearly Graded Piezo-Viscoelastic Structures with
Flexoelectric and Semiconductor Coupling

Das, Sanchit (sanchitdass.maths@gmail.com), Indian Institute of Technology (IIT) Dhanbad, India
Singh, Abhishek Kumar (abhishek@iitism.ac.in), Indian Institute of Technology (IIT) Dhanbad, India

This work studies guided shear horizontal Love wave propagation in two advanced electroactive layered
configurations that are relevant to next generation surface acoustic wave and sensing devices. The
first model consists of a distinct functionally graded piezo-visco-flexoelectric guiding layer bonded to
a distinct piezo-visco-flexoelectric half space. The second model replaces flexoelectricity with semi-
conducting effects and considers a distinct functionally graded piezo-visco-semiconductor layer over a
distinct piezo-visco-semiconductor half space. In both models, the layer and substrate are joined through
an imperfect spring-membrane interface, allowing simultaneous control of interfacial compliance and
interfacial inertia in a unified manner. Viscoelasticity in the layer and substrate is described using the
Kelvin-Voigt constitutive model, which naturally introduces complex wavenumbers and captures fre-
quency dependent attenuation while retaining an analytically tractable framework. A Liouville-Green
(LG) asymptotic framework is developed for the coupled field equations with spatially varying mate-
rial properties. Unlike conventional graded approaches that impose a single common gradation law,
the present formulation introduces a generalised linear gradient which permits independent gradation
of mechanical, electromechanical, dielectric and viscous parameters, enabling a flexible description of
engineered gradients. This leads to a flexible and physically meaningful description of engineered gradi-
ents and enables closed form asymptotic expressions for the depth dependent wave fields. The resulting
complex secular relations is obtained for Love wave modes, capturing both dispersion and attenua-
tion due to viscoelasticity, together with the additional size sensitive contribution from flexoelectric
coupling or the electro-semiconductor interaction. Parametric results demonstrate that independent
grading profiles, interface stiffness and membrane effects can be tuned to control mode confinement
and enhance sensitivity to material and interfacial imperfections. The proposed dual model framework
and the graded LG strategy provide a first step toward systematic design of graded smart layered media
for high performance waveguiding, filtering and sensing applications.

Prediction of effective properties of short-fiber composites using a novel
data-driven model

Ogierman, Witold (witold.ogierman@polsl.pl), Silesian University of Technology, Poland

Composites reinforced with short fibres play a significant role in modern engineering applications. The
effective elastic behaviour of such materials depends on the interaction of microstructural parame-
ters, including fibre volume fraction, fibre aspect ratio, and spatial arrangement, as well as the elastic
properties of the fibre and matrix phases and the characteristics of the fibre—matrix interface. Full-field
homogenization approaches based on the numerical analysis of the representative volume element (RVE)
can provide highly accurate predictions of effective properties but typically require substantial compu-
tational effort. In contrast, well-known mean-field homogenization models, such as the Mori-Tanaka
scheme, offer excellent computational efficiency but may exhibit limited accuracy in certain cases, par-
ticularly at higher fibre volume fractions. This work introduces a model that enriches the mean-field
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homogenization framework using data generated from a full-field model. In other words, the idea is
to combine the physics-based basic features of the Mori—Tanaka method with data generated from
full-field, RVE-based homogenization. The objective is to achieve accuracy comparable to full-field
homogenization while retaining the computational efficiency characteristic of mean-field approaches. In
the previous work, such a model has already been applied to analyse composites reinforced with spherical
particles. Nonetheless, analysis of short-fibre composites requires a more complex model formulation,
due, among other factors, to anisotropy. In this case, both the original Eshelby and strain concentration
tensors are modified using a genetic algorithm to fit the model's outcome to the database. During the
conference, details of the model formulation, the database generation stage, the obtained results, and
prospects will be presented.

Mechanical Characterisation and Numerical Modelling of Continuous Basalt

and Carbon Fibre Reinforced Additively Manufactured Composites for
Aerospace Applications

Usuric, Fran (fran.usuric@fsb.unizg.hr), Faculty of Mechanical Engineering and Naval Architecture,
Croatia
Smojver, lvica (ivica.smojver@fsb.unizg.hr), Faculty of Mechanical Engineering and Naval
Architecture, Croatia
Ivancevic, Darko (darko.ivancevic@fsb.unizg.hr), Faculty of Mechanical Engineering and Naval
Architecture, Croatia

Additive manufacturing of fibre reinforced polymers has enabled the fabrication of composite struc-
tures with complex geometries and tailored fibre layouts offering new design possibilities for lightweight
load-bearing components in aerospace applications. In particular, the integration of continuous fibres
within thermoplastic matrices offers significant improvements in stiffness and strength compared to
short-fibre or unreinforced printed polymers. However, the mechanical response of additively man-
ufactured continuous fibre composites is strongly affected by process-induced features such as fibre
placement, interlayer bonding, and matrix—fibre interaction, which lead to significant void formations.
This is especially true for emerging reinforcement materials such as basalt fibres, whose performance
in additively manufactured composites has received limited attention compared to carbon fibres. This
work presents an experimental and numerical investigation of additively manufactured composites re-
inforced with continuous basalt and carbon fibres. Specimens are fabricated using a fused filament
fabrication-based process with in-situ continuous fibre deposition. A comprehensive mechanical char-
acterisation is carried out, including tensile, flexural, and dynamic loading conditions. The mechanical
performance of basalt fibre reinforced composites is compared with carbon fibre reinforced counterparts,
highlighting their differences. Based on the experimental observations, a numerical model is developed
to describe the mechanical behaviour of these materials. The model incorporates the layered nature
of the additively manufactured architecture and accounts for the contribution of continuous fibres, the
polyamide matrix, and fibre—matrix interfaces. Homogenisation strategies are explored to capture the
mechanical response. Model predictions are validated against experimental results, demonstrating the
capability of the approach to reproduce the observed stiffness and failure trends. The outcomes of
this study provide insight into the microstructural properties of continuous fibre reinforced additively
manufactured composites and contribute to the development of predictive numerical models for their
structural analysis. The comparison between basalt and carbon fibre reinforcements further supports
the assessment of basalt fibres as a cost-effective and sustainable alternative for lightweight composite
aerospace structures.

Natural Neighbor Meshless Formulation for Crack Propagation in
Composite Joints

Gongalves, Diogo (costa.goncalves.diogo@gmail.com), FEUP, Portugal
Ramalho, Luis (Iramalho@inegi.up.pt), ISEP, Portugal
Campilho, Raul (raulcampilho@gmail.com), ISEP, Portugal
Belinha, Jorge (job@isep.ipp.pt), ISEP, Portugal
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Structural adhesive joints bonding composite material adherends are widely used in high-end industries
as well as in academic research. Nevertheless, the numerical simulation of such joints is often challenging
due to the intricate stress fields, the slenderness of the specimens, and the difficulty in refining the thin
adhesive layer. In this work, a truly meshless technique based on natural neighbours and the Voronoi
diagram is implemented to simulate crack growth in adhesive joints. The Natural Neighbours Radial
Point Interpolation Method (NNRPIM) uses the Voronoi diagram to collocate the integration points
and construct the corresponding shape functions over the natural neighbours, eliminating the need for
a background integration mesh. Fracture propagation is then modelled by locally remeshing the crack
tip nodes. Numerical results are compared against experimental data and standard Finite Element
Method (FEM) simulations. The NNRPIM solutions accurately predict the experimental data at a
computational cost comparable to that of the FEM.

Simplified modeling of defects in lattice and Variable Stiffness laminates

Vescovini, Riccardo (riccardo.vescovini@polimi.it), Politecnico di Milano, italy
Cappa, Davide Lorenzo (davidelorenzo.cappa®@polimi.it), Politecnico di Milano, Italy

Modern structures are becoming increasingly customized, with geometries and material distributions
designed with unprecedented degree of flexibility. A first meaningful example is given by lattice struc-
tures, whose basic geometries can be nowadays arbitrarily generated via additive manufacturing. A
second example is given by Variable Stiffness (VS) laminates, where the fibers’ path - hence the elastic
distribution - can be shaped to meet the desired internal load path. Manufacturing techniques based
on Automatic Fiber Placement (AFP) and continuous tow shearing have been proposed in this context.
One crucial feature in both additive manufacturing and AFP concerns the unavoidable presence of
defects in the final manufactured components [1,2]. As compared to nominally pristine configurations,
imperfect lattice structures as well as VS laminates may exhibit substantial deviations with respect
to their nominal counterparts in their structural response. This work illustrates a numerical strategy
for allowing imperfections to be effectively introduced in lattice structures and VS laminate models.
Specifically, the investigation aims at developing new numerical tools for the preliminary design, and
is therefore characterized by computational efficiency and ease of modeling. In a first part, lattice
structures are assessed. Typical deviations in their geometry pattern, as well as the presence of porosity
are studied and included into a 1D finite element approach, where the constitutive law is inherited from
refined 3D models. In the second part of the work, the modeling of imperfections is illustrated focusing
on VS laminates. The proposed strategy relies on a Ritz-based method [3], where the presence of gaps
and overlaps is explicitly accounted for. Both the proposed modeling strategies demonstrate the im-
portance of appropriately including the effect of defects to obtain accurate predictions of the structural
response. In turn, this effect is proven to be relevant when preliminary optimizations are carried out.
Acknowledgments: This work was carried out within the Space It Up! Project funded by the ltalian
Space Agency (ASI) and the Italian Ministry of University and Research (MUR) under contract No.
2024-5-E.0, CUP No. 153D24000060005. References: [1] Cao, X., Jiang, Y., Zhao, T., Wang, P.,
Wang, Y., Chen, Z., Li, Y., Xiao, D. and Fang, D. "Compression experiment and numerical evaluation
on mechanical responses of the lattice structures with stochastic geometric defects originated from
additive-manufacturing." Composites Part B: Engineering Vol. 194 (2020) [2] Dutta, S. and Zhao,
W. "Buckling of variable angle tow steered laminates considering gap/overlap defects identified using
innovative image processing." Composite Structures, 368, 119221 (2025). [3] Vescovini, R., Oliveri,
V., Pizzi, D., Dozio, L. and Weaver, P. M. "Pre-buckling and buckling analysis of variable-stiffness,
curvilinearly stiffened panels." Aerotecnica Missili Spazio, 99, 43-52 (2020).

Unveiling Oxygen Vacancy-mediated Metastable Phase Transitions of
Yttria-stabilized Zirconia and Their Roles on Thermal Transport via Neural
Network Potentials

Zang, ZiFu (zifu_zang@stu.hit.edu.cn), Harbin Institute of Technology, China
Wang, Chao (chaowang®hit.edu.cn), Harbin Institute of Technology, CHINA
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The atomic structures of ceramics critically govern their thermal properties. However, their atomic ther-
mal transport mechanisms are poorly understood. Here, we developed novel neural network potentials
with near-DFT accuracy, enabling the precise exploration of the atomic structural evolutions in yttria-
stabilized zirconia and their influence on thermal properties. It was found that the transition of zirconia
is primarily driven by tilt vibrations (from monoclinic to tetragonal) and octahedral distortions (from
tetragonal to cubic), while the yttrium doping and its resultant oxygen vacancy cause local stress and
lattice mismatch, thereby shifting the transition temperature. As the doping concentration increases,
the energy barrier between YSZ decreases, making it easier to induce phase transitions. Meanwhile,
the lattice thermal conductivities (LTCs) are mainly related to low-frequency acoustic branches and
exhibit size effects, but are insensitive to anisotropy. Further analysis of phonon lifetimes reveals that
the yttrium doping and associated oxygen vacancies can enhance the lattice anharmonicity and defect
scattering. This work provides a pioneering theoretical approach for analyzing the structure-induced
thermal properties of advanced oxide ceramics.

Finite Element Delamination Modeling in Elastically Coupled Composite
Beams

Pasnik, Jakub (j.pasnik@pollub.pl), Lublin University of Technology, Poland
de Moura, Marcelo F. (mfmoura@fe.up.pt), University of Porto, Portugal
Samborski, Sylwester (s.samborski@pollub.pl), Lublin University of Technology, Poland
Rozyto, Patryk (p.rozylo@pollub.pl), Lublin University of Technology, Poland
Debski, Hubert (h.debski@pollub.pl), Lublin University of Technology, Poland

The study covers fracture behavior of carbon/epoxy laminated composite beams with different stacking
sequences, exhibiting elestic coupling. Two different numerical techniques available in the Abaqus CAE
software were employed to model delamination processes: the virtual crack closure technique (VCCT)
and surface-based cohesive zone modeling (CZM), both relying on the finite element method (FEM).
The beam models were loaded in accordance with the double cantilever beam (DCB) loading scheme
commonly used to determine mode | fracture properties. The compliance-based beam method (CBBM)
was employed as a data reduction scheme. This method is based on the equivalent crack length concept
and provides the evolution of the strain energy release rate (SERR) under predominant mode | loading,
characterized with the energetical fracture toughness measure (Gl) without the problematic following
of crack length. Numerical results for coupled beams were confronted with experimental data. The
results revealed a good agreement in the first part of the load—displacement curve. During damage
propagation, the plots differed due to the fiber-bridging phenomenon occurrence in the experimental
tests.

Microstructure-informed finite element modelling of Carbon Forged
short-fibre composites: mechanical response and piezoresistive behaviour

Mattei, Emanuele (emanuele.mattei@polito.it), Dipartimento di ingegneria Meccanica e Aerospaziale,
Politecnico di Torino, Italia

Ciampaglia, Alberto (alberto.ciampaglia@polito.it), Dipartimento di ingegneria Meccanica e

Aerospaziale, Politecnico di Torino, Italia
Ciardiello, Raffaele (raffaele.ciardiello@polito.it), Dipartimento di ingegneria Meccanica e

Aerospaziale, Politecnico di Torino, Italia

Paolino, Davide Salvatore (davide.paolino@polito.it), Dipartimento di ingegneria Meccanica e
Aerospaziale, Politecnico di Torino, Italia

This paper presents an experimental-numerical investigation of an in-house manufactured long-chopped
carbon-fibre composite (Carbon Forged/SMC-like system), with the dual aim of assessing its piezore-
sistive response and developing a predictive finite element (FE) model accounting for mesostructural
heterogeneity. Tensile tests were performed under displacement control with full-field strain measure-
ments via Digital Image Correlation (DIC) and simultaneous electrical esistance acquisition using a
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two-probe setup. All specimens exhibited an approximately linear relationship between normalised re-
sistance change and axial strain, with consistently positive gauge factors, supporting resistance-based
load/strain monitoring with limited instrumentation. X-ray computed tomography (p-CT) was used
to extract spatial fields of local fibre volume fraction and fibre orientation tensor. These data were
exploited to reconstruct the specimen mesostructure and automatically generate an LS-DYNA model
based on the *CONSTRAINED BEAM IN_SOLID (CBIS) approach, where fibres are represented as
embedded beam elements and the epoxy matrix as solid elements. The beam diameter was calibrated
teratively to match the experimental stiffness, while fibre failure was enforced through a damageable
constitutive description to prevent unrealistically high beam stresses. Model validation was carried out
by comparing load—displacement curves, fracture loads, sectional strain profiles along the gauge length,
and fracture patterns. The framework reproduces the global fracture load with a mean deviation of
5.9% and captures the main spatial trends of the measured strain fields; remaining discrepancies are
attributed primarily to manufacturing-induced porosity not explicitly represented in the current model.

Physics-Informed Extreme Learning Machine for the Analysis of Laminated
Composite Nanoshells

Yan, Cheng Angelo (chengangelo.yan@unibo.it), University of Bologna, Italy
Fantuzzi, Nicholas (nicholas.fantuzzi@unibo.it), University of Bologna, Italy
Vescovini, Riccardo (riccardo.vescovini@polimi.it), Politecnico di Milano, Italy

Luciano, Raimondo (raimondo.luciano@uniparthenope.it), Parthenope University of Naples, Italy

Composite nanoshells are largely employed as load-carrying elements in advanced micro- and nano-scale
systems for their excellent mechanical properties. However, their microstructural behavior remains still
not completely understood, largely due to the lack of general and efficient analysis tools. Analytical
solutions are limited to simple configurations, while numerical methods based on finite elements are often
computationally expensive. This work presents a novel computational tool that can accurately capture
the microscale effects of laminated nanoshells under arbitrary stacking sequences, boundary conditions,
and geometries, with improved computational performance. The shell mathematical model is formulated
within a Kirchhoff-Love strain-gradient shell theory derived using the differential geometry of surfaces.
For the numerical solution, we employ a mesh-free method which combines Physics-Informed Neural
Networks (PINNs) and Extreme Learning Machines (ELMs). The proposed Physics-Informed Extreme
Learning Machine (PIELM) framework enables efficient solution of the higher-order partial differential
equations inherent of nonlocal shell theories, alleviating the computational cost associated with mixed
or higher-continuity finite element formulations. The efficiency of this tool is exploited to investigate
microscale effects across different nanoshell configurations, providing new insights into their mechanical
behavior. Overall, the proposed framework offers a versatile tool to support the analysis and design of
composite nanoshells in micro- and nano-structures. Acknowledgements: The publication was made
with funding from the Ministry of University and Research (MUR) under the FIS2 Grant, Project
TOSSTO no. FIS-2023-01465, (CUP: J53C25000610001).

VCT-based buckling load prediction in unstiffened CFRP cylinders:

Assessment of predictive robustness under varied imperfection maps and
modifications to the Arbelo characteristic chart

Gliszczynski, Adrian (adrian.gliszczynski@p.lodz.pl), Lodz University of Technology, Poland
Franzoni, Felipe (felipe.franzoni@dlir.de), DLR, Germany
Degenhardt, Richard (richard.degenhardt@dlr.de), DLR, Germany
Baciu, Thedor (t.baciu@pfh.de), PFH, Germany

This study investigates the predictive capability of the Vibration Correlation Technique (VCT) for

estimating the buckling load of unstiffened CFRP cylindrical shells subjected to axial compression.
The analysis is based on a combined experimental-numerical dataset for ten cylinders (Z15-726),
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including measured maps of mid-surface imperfections and thickness variations. In order to assess the
robustness of the method under broader geometric scenarios, the numerical investigation was extended
to include modified imperfection maps obtained by scaling and inversion of the original measured
fields. Buckling load predictions were generated using the standard Arbelo-type characteristic chart
and several alternative formulations based on different definitions of the unloaded natural frequency
and the reference critical buckling load. The results show that the standard approach and its modified
counterpart provide accurate and predominantly conservative predictions, even at relatively low load
levels. The study further demonstrates that VCT remains stable over a wide range of imperfection
amplitudes, confirming its robustness with respect to imperfection variability. Although the direction of
imperfections affects local prediction behavior, the overall distributions of prediction deviations obtained
for original and inverted maps remain comparable. A gradient-based analysis of the prediction accuracy
proved effective for identifying anomalous cases in large datasets, particularly those associated with local
buckling preceding global instability. These irregularities can often be reduced by including predictions
derived from higher-order vibration modes. The results also highlight the strong sensitivity of VCT to
the correct definition of the baseline natural frequency, indicating the importance of precise frequency
measurement in practical applications. Overall, the findings confirm that VCT provides a reliable
nondestructive framework for buckling load prediction in thin-walled composite cylinders with realistic
and modified imperfection patterns. While selected modifications to the Arbelo characteristic chart
may increase conservatism in specific cases, the standard formulation remains a robust and practically
justified baseline for VCT-based prediction. This research was supported by the National Science Centre,
Poland, under grant agreement no. UMO-2024/53/B/ST8/01594

Coupling of data-driven approaches integrating material and structural data
for composite structures

Yang, Jie (jie _yang@whu.edu.cn), Wuhan University, China
Bai, Xiaowei (), Wuhan University, China
Li, Jiahao (), Wuhan University, China
Huang, Qun (), Wuhan University, China
Zahrouni, Hamid (), Lorraine University, France
Hu, Heng (), Ningxia University/Wuhan University, China

This work presents a dual distance-minimizing data-driven algorithm for simulating composite structures
comprising both solid and thin-walled components. In regions modeled with solid finite elements,
stress—strain data are used to drive the simulation. For thin-walled components discretized with beam,
plate, or shell elements, generalized stress—strain data (namely, normal force, bending moment, normal
strain, and curvature) are employed to analyze the structural behavior. To connect non-matching meshes
arising from different element types and discretization requirements, a penalty-based coupling technique
is adopted to enforce displacement continuity and transfer interaction forces across interfaces between
solid and structural elements. In this manner, the computational efficiency in thin-walled regions is
enhanced by leveraging structural theories, while the accuracy in solid regions is preserved to capture
localized stress fields. Several numerical examples are provided to validate the proposed method and
demonstrate its robustness for coupling solid and structural elements within the data-driven computing
paradigm.

An Open-Source Fluid-Structure Interaction Framework for Composite
Plates

Pistis, Mario (mario.pistis@unica.it), University of Cagliari, Italy
Eremeyev, Victor (victor.eremeev@unica.it), University of Cagliari, Italy
Fotia, Giorgio (giorgio.fotia@unica.it), University of Cagliari, Italy
Cazzani, Antonio (antonio.cazzani@unica.it), University of Cagliari, Italy
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Fluid-Structure interaction (FSI) in highly flexible, thin structures involves strong nonlinear coupling
and large displacements. From the simulation point of view, demanding requirements exist in terms
of coupling treatment and numerical stability of the resulting discretized problem. In our ongoing
research, we address these issues by developing a fully open-source computational framework which
is based on the partitioned coupling of a computational fluid dynamics solver and a computational
structural mechanics solver, supplemented with an Arbitrary Lagrangian-Eulerian mesh motion strategy
and an Interface Quasi-Newton acceleration technique. Our framework is intended to provide a robust
and reproducible environment for simulating strongly coupled FSI phenomena in thin, deformable struc-
tures. In this context, this talk investigates the applicability of the proposed framework to composite
structures, particularly thin, plate-like systems, where anisotropy can significantly affect the coupled
dynamic response. In fact, studies on the behaviour of composite plates immersed in viscous flow
suggest that orthotropy, lay-up, and stiffness tailoring can significantly impact oscillation amplitude,
dominant frequency, and deformation patterns. This presentation focuses on the methodology of how
a partitioned, open-source workflow originally developed for highly flexible thin plates can serve as a
general computational basis for analysing composite structures interacting with viscous flows. This
paves the way for future high-fidelity applications in the multiphysics analysis of composite structures.

A lattice-based framework for damage and failure modelling in nano-silica
reinforced pervious concrete

Scorza, Daniela (daniela.scorza@unipr.it), Department of Engineering Architecture, University of
Parma, Italy
Kosteski, Luis Eduardo (luiskosteski@gmail.com), MAEC - Modeling and Analysis of Experiments in
Composites, Federal University of Pampa, Brazil
Fiorillo, Rossella (rossella.fiorillo@unimore.it), Department of Engineering “Enzo Ferrari”, University of
Modena and Reggio Emilia, Italy
Vantadori, Sabrina (sabrina.vantadori@unipr.it), Department of Engineering Architecture, University
of Parma, Italy

This study presents a numerical investigation of the damage and failure behaviour of nano-silica re-
inforced pervious concrete, using the Lattice Discrete Element Method (LDEM). The material is dis-
cretised as a three-dimensional lattice of truss elements, enabling the simulation of crack initiation,
propagation, and strain localisation in quasi-brittle systems. A key contribution of this work is the
implementation of a trilinear constitutive law, introduced for the first time within the LDEM frame-
work to reproduce the nonlinear softening response of pervious concrete. Stochastic material variability
is incorporated through a Weibull-distributed random field applied to fracture energy. The numerical
model is calibrated using flexural test data and validated against independent compressive and split-
ting tensile results. The simulations accurately reproduce both global structural response and local
failure mechanisms, including crack patterns and energy dissipation, with prediction errors below 6%.
The robustness of the approach is further demonstrated through its application to different loading
configurations, highlighting its capability to predict the mechanical response under varying boundary
conditions. The proposed framework provides an efficient and reliable numerical tool for the analysis
of damage evolution and failure mechanisms in cement-based composite materials, offering significant
potential to reduce experimental effort and support the design and optimisation of pervious concrete
systems.

Economic Optimal Control of Composite Material Curing Processes

Gallo, Ivan (ivan.gallo@unibo.it), University of Bologna, Italy
Zavatta, Nicola (nicola.zavatta2@unibo.it), University of Bologna, Italy
Ballestra, Luca Vincenzo (luca.ballestra@unibo.it), University of Bologna, Italy
Zama, Fabiana (fabiana.zama®unibo.it), University of Bologna, Italy
Fantuzzi, Nicholas (nicholas.fantuzzi@unibo.it), Universita di Bologna, italy
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This work develops an economic optimal control framework for the curing process of thermoset com-
posite materials in an autoclave. The process is modeled as a coupled thermo—chemical dynamical
system, where the state variables are the degree of cure, the laminate temperature, and the autoclave
temperature. Unlike standard industrial approaches in which the thermal cycle is prescribed a priori, the
autoclave temperature is treated as a control-dependent state variable whose dynamics are governed
by heating and cooling rates. The curing kinetics is described through a nonlinear autocatalytic model
of Kamal-Sourour type, coupled with a lumped thermal balance that accounts for both heat exchange
with the autoclave and exothermic heat generation due to the reaction. The economic formulation is
constructed by introducing a running cost functional that incorporates multiple competing objectives:
energy consumption, control smoothness and operational time. A terminal penalty enforces the re-
quirement of achieving a prescribed degree of cure. The resulting optimal control problem is addressed
through the dynamic programming principle, leading to a nonlinear Hamilton—Jacobi—Bellman (HJB)
equation in a three-dimensional state space. The optimal feedback control is obtained analytically via
minimization of the reduced Hamiltonian, yielding a projection of the gradient of the value function
onto the admissible control set. From a computational perspective, the HJB equation is solved nu-
merically using a semi-Lagrangian scheme on a discretized state space. The optimal policy is first
computed backward in time and subsequently used to reconstruct the optimal curing trajectory forward
in time. This approach allows the thermal profile of the autoclave to emerge endogenously from the
optimization, rather than being imposed externally. Numerical experiments highlight the interplay be-
tween physical constraints and economic parameters. In particular, the results show how the optimal
temperature trajectory adapts to the trade-off between energy costs, and process duration.
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Analysis of natural fibre composites and bio-inspired design of composites

Abrasive water jet drilling of flax fibre metal laminates: effect of drilling
approach on interlayer delamination and abrasive contamination

Shi, Hang (Hang.Shi@myport.ac.uk), University of Portsmouth, United Kingdom
Giasin, Khaled (Khaled.giasin@port.ac.uk), University of Portsmouth, United Kingdom
Barouni, Antigoni (antigoni.barouni@port.ac.uk), University of Portsmouth, United Kingdom
Zhang, Zhongyi (zhongyi.zhang@port.ac.uk), University of Portsmouth, United Kingdom

The current study investigates the influence of two drilling approaches namely direct drilling and pre-
drilling on the structural integrity, interlayer delamination and abrasive contamination of holes machined
in flax fibre metal laminates (FFMLs). Abrasive water jet drilling (AWJD) process was used to create
holes in the FFML by varying the water pressure (WP) 1000,3000 bars, traverse speed (TS) 20,100
mm/min, abrasive mass flow rate (AMFR) 300 g/min and standoff distance (SD) 2,4 mm. Direct
drilling approach involved using AWJD process to create 5-mm holes in the FFML. Pre-drilling approach
involved drilling a 3-mm hole size using a twist drill followed by enlargement of the hole to 5-mm using
AWJD. The hole integrity was evaluated under scanning electron microscopy (SEM) and computerised
tomography (micro-CT) scan to assess delamination, damage, fracture and failure mechanisms in the
FFML. Using the direct drilling approach, the holes suffered from severe interlayer delamination and
abrasive contamination. In addition, peel-up and push out delamination were observed regardless of the
drilling parameters used while pre-drilling approach proved to be successful in eliminating them.

Valorisation of Post-Consumer Textile Waste for High-Performance PLA
Bio-composites through polyvinyl alcohol (PVA) Modification

Islam, Md lkramul (md.islam@port.ac.uk), University of Portsmouth, United Kingdom
Saifullah, Abu (abu.saifullah@port.ac.uk), University of Portsmouth, United Kingdom
Dhakal, Hom Nathan (hom.dhakal@port.ac.uk), University of Portsmouth, United Kingdom
Pickford, Andrew (andy.pickford@port.ac.uk), University of Portsmouth, United Kingdom

Each year, 80 million tonnes of textile waste are landfilled, causing significant environmental challenges.
Transforming this waste into value-added composite materials supports pollution reduction, raw ma-
terial conservation, and promotes circularity and sustainability in material innovation. Already, several
research have been conducted on this subject, and this waste material is gaining increasing attention
from the researchers with time. However, existing studies rarely address the integration of biopolymer,
functionality and circularity within such systems, leaving a critical need for holistic, bio-based solutions.
In this study, post-consumer textile waste (used cotton bed sheet) was employed as reinforcement in
polylactic acid (PLA) matrices, with fibre surfaces modified via alkali (NaOH), polyvinyl alcohol (PVA),
and NaOH-PVA combined treatments. Composites were fabricated using a stacking procedure fol-
lowed by compression moulding, and systematically characterized through FTIR, density, void content,
mechanical testing, SEM, DMA, TGA, and water contact angle analysis. FTIR confirmed success-
ful chemical modification, while all composites exhibited acceptable void content (<2%) and density
( 1.31 g/cm3). Mechanical performance improved significantly after textile waste valorisation, with
PVA modification yielding 16% increases both in tensile and flexural strength, compared to untreated
composites. DMA results revealed higher storage modulus values for modified composites, indicating
enhanced fibre-matrix interfacial bonding. TGA demonstrated improved thermal stability with modifi-
cation, and water contact angle measurements confirmed superior hydrophobicity even after 90 seconds.
These findings highlight the potential of chemically modified textile waste-reinforced PLA composites
for non-structural and semi-structural applications in automotive, construction, and furniture sectors,
contributing to circular economy strategies in composite engineering.
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Analysis of the crashworthiness of novel flax-fibre hybrid reinforced 3D
woven composites

Ciardiello, Raffaele (raffaele.ciardiello@polito.it), Politecnico di Torino, Italy
Ciampaglia, Alberto (alberto.ciampaglia@polito.it), Politecnico di Torino, Italy
de Queiroz, Henrique F. M. (henriquefmq@gmail.com), Leibniz-Institut fiir Polymerforschung Dresden
e. V. (IPF), 01069 Dresden, Germany, Germany
Banea, Mariana D (mbanea®@ua.pt), University of Aveiro, Portugal
Paolino, Davide Salvatore (davide.paolino@polito.it), Politecnico di Torino, Italy

This paper investigates the impact crashworthiness performance of novel flax-fibre reinforced three-
dimensional (3D) woven composite structures through a comprehensive experimental programme. Com-
posite panels with tailored 3D woven architectures were manufactured using a resin infusion process
and subjected to crashworthiness tests. The impact response was evaluated in terms of peak load,
load—displacement characteristics, absorbed energy, and post-impact damage morphology as well as
the effect of impact speed. High-speed data acquisition and post-test inspections were employed to
identify dominant failure mechanisms, including fibre fracture, matrix cracking, yarn pull-out, and
through-thickness damage evolution. The role of 3D weaving parameters, particularly binder yarn con-
figuration and fibre volume and weight fraction, on impact resistance and crash energy absorption was
systematically assessed. Novel impact parameters were developed to more clearly display the effect
of the architecture. Experimental results reveal that the presence of through-thickness reinforcement
delays damage initiation, suppresses delamination, and promotes progressive crushing under impact
loading. Compared with equivalent two-dimensional woven flax-fibre composites, the 3D woven speci-
mens demonstrated improved damage tolerance and higher specific energy absorption, accompanied by
more stable failure modes. The findings highlight the effectiveness of 3D woven flax-fibre composites
in enhancing impact crashworthiness and support their potential application in lightweight, sustainable
structural components subjected to dynamic loading conditions.

Mechanical Assessment of Flax Fiber Composites for Sustainable
Lightweight Structures

Saccone, Marta (marta.saccone@unica.it), University of Cagliari, Italy
Stochino, Flavio (fstochino@unica.it), University of Cagliari, Italy
Pinna, Francesco (francesco.pinna4@unica.it), University of Cagliari, Italy
Valdes, Monica (m.valdes@unica.it), University of Cagliari, Italy

The increasing demand for sustainable and low-impact materials is encouraging the development of
alternative solutions for structural and lightweight applications. In this context, natural fiber-reinforced
composites represent a promising option, as they combine reduced environmental impact, low density,
and suitable mechanical properties. Among them, flax fiber composites are particularly attractive due to
the renewable origin of the reinforcement and their potential use in components where stiffness, strength,
and weight reduction are key design requirements. This study investigates the mechanical behaviour of
flax fiber composite laminates through an integrated experimental, analytical, and numerical approach.
Different laminate configurations were considered, including woven and biaxial flax reinforcements,
PET core layers, bio-based epoxy resin, and rib-like reinforcement systems. Three-point bending tests
were carried out to evaluate the flexural response of the specimens and to identify the main failure
mechanisms. Attention was given to flexural failure, interlaminar shear effects, and delami-nation,
which can significantly affect the load-bearing capacity of laminated composites. An analytical model
based on Classical Laminate Plate Theory (CLPT) was developed to estimate the stress distribution
through the laminate thickness under bending loads. The model allowed the mechanical contribution
of each layer to be assessed and provided a preliminary interpretation of the influence of stacking
sequence and material properties. In parallel, numerical simulations were performed in ANSYS ACP
to reproduce the experimental bending configuration and obtain a more detailed evaluation of the in-
plane stress distribution. The comparison between experimental observations, analytical predictions,
and numerical results showed a consistent qualitative agreement in terms of stress trends and failure
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behaviour. However, some quantitative differences highlighted the limitations of classical laminate
assumptions, especially the neglect of interlaminar shear stresses and the hypothesis of perfect bonding
between layers. These aspects are particularly relevant for natural fiber composites, where material
variability, manufacturing process, and local reinforcement configuration can influence the structural re-
sponse. Overall, the proposed methodology provides a useful framework for the preliminary assessment
and optimization of flax fiber composite laminates. The results support the development of predictive
tools for bio-based composites and contribute to their possible application in sustainable lightweight
structural components.
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Analysis of sandwich, adaptive, morphing and variable stiffness composites

Improvement of sound absorption characteristics of honeycomb sandwich  abst. 1087
panel with heterogeneous micro perforations using numerical analysis Repository

Ravichandran, Srinath (srinath.ravichandran@mail.concordia.ca), Concordia University, Canada
Hojjati, Mehdi (mehdi.hojjati@concordia.ca), Concordia University, Canada
Fotsing, Edith Roland (e-r.fotsing@polymtl.ca), Polytechnique Montreal, Canada
Ross, Annie (a.ross@polymtl.ca), Polytechnique Montreal, Canda

This study presents a systematic optimization approach for enhancing the broadband sound absorption
performance of micro-perforated honeycomb sandwich panels through controlled grading of perforation
diameters and strategic perforation distribution. While previous research has explored heterogeneous
micro-perforations with randomly distributed diameter ratios, the critical role of occupancy rates for
each perforation diameter in achieving optimal absorption bandwidth has been overlooked. A coupled
COMSOL Multiphysics-MATLAB optimization framework was developed using LiveLinkTM to sequen-
tially determine optimal occupancy rates for each perforation diameter. The optimization algorithm
targeted perfect absorption at specific resonance frequencies, automatically adjusting occupancy rates
for each perforation diameter. Finite element analysis (FEA) employing thermoviscous acoustics was
performed to evaluate absorption characteristics across 500-2200 Hz. Results demonstrate that op-
timized occupancy rates (i.e. 18, 13.5, 8, 5.5 and 3 percentage for perforation radii 0.5-1.1 mm)
achieves a bandwidth of 1100 Hz at 0.8 absorption coefficient (990-2050 Hz range), representing a 120
percentage improvement over randomly distributed configurations reported in literature (at absorption
coefficient 0.8 with 500 Hz bandwidth). The optimized design exhibits critical coupling of resonant
peaks through constructive interference, producing smooth broadband absorption rather than isolated
peaks. A larger panel configuration (14 cm x 14 cm) demonstrated 190 Hz bandwidth at 0.8 absorp-
tion in the lower frequency range (310-500 Hz). This work establishes that systematic optimization of
occupancy rates is essential for maximizing absorption bandwidth in heterogeneous micro-perforated
acoustic absorbers.
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Most contact analyses are conducted based on the half-space assumption. However, in practical material
characterization, the relative spatial positioning between the indenters and the specimens significantly
influences the accuracy of predicting fundamental material properties. To address this issue, this
report introduces the symplectic analysis into contact mechanics, establishing a symplectic approach
for three-dimensional contact problems in finite-sized media. A series of explicit analytical solutions for
various contact problems are derived, which can be further extended to multi-field coupling scenarios.
For finite-sized layered media, the Saint-Venant solution is derived via the semi-inverse method, and
the Papkovich-Neuber type solutions in sub-symplectic representation are formulated for the three-
dimensional symplectic contact analysis. The validity of the layered Hamiltonian transformation under
two types of indentation scenarios is rigorously proven. Considering the inherent boundary nonlinearity of
contact problems, this report introduces the Cantor pairing diagram to devise a strategy for determining
the contact area based on the symplectic method (which also accommodates the consideration of
adhesive contact). The proposed theoretical models and analytical solutions have been validated against
finite element simulations, confirming their accuracy and effectiveness. By incorporating boundary
effects and interface effects, this report comparatively analyzes the influence of factors such as indenter
position and modulus distribution on indentation curves, alongside comparative analysis with traditional
Hertzian contact solutions, which establishes a theoretical foundation for developing physically plausible
contact models.
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Structural analysis of variable stiffness laminated composite sandwich plates
using refined zig-zag theory and Spectral Chebyshev method

Anum, Sadia (sadia.anum@sabanciuniv.edu), Sabanci University, Turkey
Bekir Bediz (bbediz@sabanciuniv.edu), Sabanci University, Turkey

This work presents the structural and vibration analysis of sandwich panels with variable stiffness com-
posite (VSC) face sheets and a compliant soft core. Equivalent single-layer (ESL) theory fails to
accurately capture interlaminar stress continuity and transverse shear effects in sandwich structures. To
overcome this limitation, this study uses the Refined Zig-Zag Theory (RZT), which ensures accurate
layerwise kinematics without increasing the number of primary variables significantly. The governing
equations are derived via Hamilton's principle and solved using Spectral Chebyshev (SC) technique
which provides high-order accuracy and rapid convergence with significantly fewer degrees of freedom
compared to conventional finite element formulations. Displacements, stress distributions, and funda-
mental frequencies are evaluated under different core to face sheet thickness ratios, stacking sequences,
and boundary conditions. The accuracy of the proposed formulation is further validated through com-
parisons with finite element results. The results demonstrate the influence of stiffness tailoring on
bending and vibration characteristics and provide benchmark solutions for VSC sandwich structures.

Miura-ori as a structural sandwich core: comparing fold-core sandwich
plates by simulation and experiments

Badiee, Mohammad Mehdi (mohammad.badiee@aalto.fi), Aalto University, Finland
Niiranen, Jarkko (jarkko.niiranen@aalto.fi), Aalto University, Finland

The present work evaluates the load-bearing capacity of sandwich panels with Miura-ori fold-cores by
benchmarking their stiffness and flexural rigidity against three widely used core concepts: corrugated
sheet, honeycomb, and foam. Miura-ori and related tessellations form a well-established design space
for lightweight cellular structures, and prior studies have clarified how geometric parameters (and, for
sheet-based realizations, material orientation) govern linear stress and stability of Miura structures and
the mechanics of fold-line formation during folding [1-3]. To enable an unbiased comparison, we con-
struct representative unit cells such that the dimensions and relative density are identical across the
four core families. The base material is modeled as elastic and isotropic, and the initial assessment
is restricted to geometrically linear response. Virtual three-point bending and compression tests are
conducted on square sandwich patches to extract problem-specific flexural rigidities and the corre-
sponding in-plane and across-thickness stiffness measures. A subsequent parametric study varies the
Miura opening angle to identify designs maximizing normalized stiffness relative to a unit-cell dimen-
sions and density-matched honeycomb reference, consistent with the need for fair comparisons. To
further quantify the merit of Miura-ori beyond the linear regime, single- and multi-layer corrugated
cores are compared with their Miura counterparts in large-deformation three-point bending and com-
pression, with emphasis on load-displacement response. In the linear regime, the Miura-ori responses
are verified against the homogenized plate-based framework of Li et al. (2026) [4], and the overall
trends are validated by dedicated experiments. References: [1] Kankkunen, T., Niiranen, J., Kouko,
J., Palmu, M., Peltonen, K. (2022). Parametric linear finite element stress and stability analysis
of isotropic and orthotropic self-supporting Miura-ori structures. Mechanics of Advanced Materials
and Structures, 29(27), 5808-5822. https://doi.org/10.1080/15376494.2021.1965679 [2] Kankkunen,
T., Niiranen, J. (2025). Folding pristine paper to an origami structure - materially and geomet-
rically nonlinear finite element analysis. European Journal of Mechanics / A Solids, 112, 105674.
https://doi.org/10.1016/j.euromechsol.2025.105674 [3] Kouko, J., Kankkunen, T., Palmu, M., Niira-
nen, J., Peltonen, K. (2023). Practical folding meets measurable paper properties. Materialia, 31,
101871. https://doi.org/10.1016/j.mtla.2023.101871 [4] Li, X., Jamalimehr, A., Legrand, M., Pasini,
D. (2026). Homogenization framework for rigid and non-rigid foldable origami metamaterials. Journal
of the Mechanics and Physics of Solids, 209, 106519. https://doi.org/10.1016/j.jmps.2026.106519
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Beam, plate and shell theories

Laminate Plate with Non-Symmetric Lay-Up under In-Plane Cyclic Loading

Kubiak, Tomasz (tomasz.kubiak@p.lodz.pl), Lodz University of Technology, Poland
Fotovat, Mehdi Bohlooly (mehdi.bohlooly-fotovat@p.lodz.pl), Lodz University of Technology, Poland
Perlikowski, Przemystaw (przemyslaw.perlikowski@p.lodz.pl), Lodz University of Technology, Poland

The analitycal equation for thin laminate plate with extension-bending mechanical copuling have been
derived. The clasical laminate plate theory have been consider, three parametric deflection function
have been assuemd. The problem was solved assuming non-zero damping coefficient. The equation
was derived amploying the Galerkin method. Derived equation allows to analyse the plate behawior
in case of in-plane harmonic load. The exemplary cases have been solved using FEM sotware. The
comparison between both solution i.e., analitycal and numerical have been used to designate the necesity
in assumption plate deflection function with more than two parameters. It was faound that the plate
bahaviour subjected to dynamic harmonic load differes from the case of static one. Additionally, it was
prove that having analitycal solution it is possible in very fast way analyse plate behaviour for thousends
parameters distinguish the conditio leading to non-stable behaviour.

Shear effects in transversely-isotropic beams with annular cross-sections

Kress, Gerald (geraldkress54@gmail.com), Previously employed at ETH Zurich, Switzerland

This presentation analyzes the response of bars with disc-shaped or ring-shaped cross-sections to trans-
verse forces. The bars are made of transversely isotropic materials in which the principal axes of the
material and the beam are aligned. An exact elasticity solution for the internal three-dimensional prob-
lem is explained in detail, and all strain, stress, and displacement components for circular and annular
cross-sections that are simple enough to be used as hand formulas are provided and visualized using
area and line diagrams. For a selection of unidirectional fiber-reinforced plastics and an isotropic ma-
terial, a parameter study shows deviations of material strength models for the load-equivalent shear
stress from the exact solution and investigates the influence of shear on beam deflection and failure
mode. The introduction provides a brief overview of theories on the bending of beams with rectangular
cross-sections and explains that the existing theory for members with disc-shaped cross-sections is a
material strength model that does not satisfy the homogeneous natural boundary conditions. There-
fore, a new theory is required. The theory proposes displacement fields that are linearly combined from
so-called macro strains, which originate from thin-beam theory with unknown displacements and are
derived using a consistent elasticity approach. Due to the circular shapes of the problem domain and
its boundary, the theory is described in cylindrical coordinates and derived using the static approach,
in which the stresses are primary solutions and the displacements are secondary solutions. The neces-
sary basic equations include the equilibrium and compatibility conditions for the stress constraints, the
transverse isotropic material law for determining the strains, and the kinematic relations for integrating
the displacements from the strains. The presentation explains the primary solution approach and the
process of general and adjusted stresses in detail. The transverse shear stress distributions that balance
the external force are compared with those of the strength-of-materials model, highlighting the limita-
tions of the latter. Stress, strain, and displacement solutions, including the deformation function, are
presented with equations as well as surface and line diagrams. The parameter study considers a range
of typical unidirectional fiber-reinforced composites and focuses on strength aspects, using Hashin's
failure criteria to distinguish between fiber failure and failure between fibers. Specifically, it deals with
the minimum beam lengths L at which fiber failure occurs due to the bending moment at the clamp-
ing point before failure due to shear force occurs. The presentation ends with literature references,
conclusion, and acknowledgments. Points not included in the presentation, namely integration of the
displacements from the strains, derivation of the proprietary strength-of-materials model for ring-shaped
cross-sections, quantification of its errors, and the influence of elasticity constants on the deflections of
the center line of the beam, can be found in the conference proceedings.
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A finite element model for buckling of laminated beam-type structures

Bani¢, Damjan (dbanic@uniri.hr), University of Rijeka, Faculty of Engineering, Croatia
Turkalj, Goran (goran.turkalj@riteh.uniri.hr), University of Rijeka, Faculty of Engineering, Croatia
Stimac Roncevi¢, Goranka (goranka.stimac@riteh.uniri.hr), University of Rijeka, Faculty of
Engineering, Croatia
Lanc, Domagoj (domagoj.lanc@riteh.uniri.hr), University of Rijeka, Faculty of Engineering, Croatia

This work presents an improved shear-deformable beam formulation for the stability analysis of lami-
nated composite beam-type structures with thin-walled cross-sections. Each wall of the cross-section is
assumed to be a thin, symmetric, balanced, or unbalanced angle-ply laminate. The equilibrium equa-
tions for a straight beam element are derived using the principle of virtual work within the framework
of the updated Lagrangian formulation, Hooke's law, and a nonlinear displacement field of the thin-
walled cross-section that accounts for restrained warping and large rotation effects. Stress resultants are
evaluated using the Timoshenko—Ehrenfest beam theory for bending and a modified Vlasov theory for
torsion. The couplings between stress resultants and deflections, which arise from unbalanced laminates
and imply interactions between normal and shear stress resultants, are taken into account. In addition,
the coupling between shear forces is considered—an important aspect for unsymmetric cross-sections
where the principal axes and principal shear axes do not coincide. Shear locking is prevented by apply-
ing Hermitian cubic interpolation functions for deflections and twist rotations, together with associated
quadratic functions for slopes and warping. The effectiveness of the proposed geometrically nonlinear
shear-deformable beam formulation is validated through benchmark test problems.

Hamilton’s formulation-based weak form physics-informed Gaussian Process

Regression for free vibration response of cracked helicoidal laminated
spherical shell panels

Garg, Aman (aman@stu.edu.cn), Shantou University, China
Zhu, Zhiwen (zhuzw@stu.edu.cn), Shantou University, China

The free vibration analysis of cracked laminated shell structures is complicated by the combined effects
of geometric curvature, material anisotropy, helicoidal stacking sequences, and displacement disconti-
nuities induced by cracks. In this work, a Hamilton's formulation-based weak form physics-informed
Gaussian Process Regression (PI-GPR) framework is developed to study the free vibration response of
cracked helicoidal laminated spherical shell panels. The governing equations are derived using Hamil-
ton's principle, yielding a weak-form representation that naturally enforces boundary conditions and
accommodates crack-induced kinematic discontinuities without the need for explicit enrichment or
remeshing strategies. High-fidelity numerical data generated from higher-order shell theory are used
to train the Gaussian Process model, while the weak-form physical constraints are embedded directly
into the learning process. This physics-informed integration significantly enhances prediction accuracy
and robustness, particularly in data-scarce regimes. The proposed framework accurately predicts nat-
ural frequencies and mode shapes over a wide range of crack lengths, crack locations, helicoidal fiber
rotation schemes, and geometric parameters, with excellent agreement against reference solutions at
a fraction of the computational cost. Parametric studies reveal the strong coupling between crack
severity and helicoidal architecture on the dynamic stiffness and vibration characteristics of spherical
shell panels. The proposed PI-GPR approach provides a reliable and efficient surrogate for vibration
analysis of damaged bio-inspired laminated shell structures and is well suited for design, optimization,
and uncertainty-aware applications.

Multifield analysis of anisotropic doubly-curved shells of arbitrary shape
with higher-order theories

Tornabene, Francesco (francesco.tornabene@unisalento.it), University of Salento, Italy
Viscoti, Matteo (matteo.viscoti@unisalento.it), University of Salento, Italy
Dimitri, Rossana (rossana.dimitri@unisalento.it), University of Salento, Italy
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This work presents a refined two-dimensional higher-order Equivalent Layer-Wise (ELW) formulation
for the multifield analysis of doubly-curved shell structures with holes and material discontinuities,
composed of generally anisotropic media [1]. The formulation is expressed in principal coordinates and
employs a higher-order through-the-thickness expansion of the multifield unknowns, allowing the direct
prescription of electric and magnetic potentials, as well as temperature and moisture concentration, on
the shell bounding surfaces [2]. The model incorporates the coupled effects of mechanical elasticity,
electrostatics, magnetostatics, thermal conduction, and mass diffusion. The governing equations are
derived from the Master Balance Principle under thermodynamic equilibrium conditions. Fully coupled
constitutive relations are obtained via an analytical homogenization procedure based on the Mori—Tanaka
scheme, accounting for interactions among the involved physical fields [3]. An isogeometric mapping of
the physical domain is adopted to accommodate arbitrarily shaped geometries, and the formulation is
implemented within the Finite Element Method (FEM) framework. Post-processing is performed using a
patch-based recovery technique [4] to reconstruct primary and secondary multifield variables throughout
the doubly-curved solid. The accuracy and robustness of the proposed formulation are demonstrated
through systematic comparisons with three-dimensional finite element reference solutions and semi-
analytical Navier-type solutions [5]. Parametric studies further quantify the influence of multifield
coupling effects on the structural response. References: [1] F. Tornabene, Hygro-Thermo-Magneto-
Electro-Elastic Theory of Anisotropic Doubly-Curved Shells, Esculapio, (2023). [2] F. Tornabene, M.
Viscoti, and R. Dimitri. Hygro-thermal coupling effect on the magneto-mechanical response of curved
laminated structures. Composite Structures, Vol. 370, p. 119329, 2025. [3] F. Tornabene, M. Viscoti,
R. Dimitri and T. Rabczuck. Thermo-magneto-mechanical analysis of curved laminated structures
with arbitrary variation of the material properties and novel recovery procedure. Engineering Analysis
with Boundary Elements, Vol. 176, p. 106232, 2025. [4] F. Tornabene, M. Viscoti and R. Dimitri.
Innovative recovery procedure applied to the static solution of anisotropic doubly-curved shells with
holes and irregular shape. Thin-Walled Structures, Vol. 218 (C), p. 114126, 2025. [5] F. Tornabene,
M. Viscoti and R. Dimitri. Magneto-Electro-Elastic Analysis of Doubly-Curved Shells: Higher-Order
Equivalent Layer-Wise Formulation. Computer Modeling in Engineering and Science, Vol. 142 (2), p.
1767, 2025.

A novel theoretical model of temperature dependent critical buckling load
for metallic columns

Shi, Tianzi (tzshi@stu.cqu.edu.cn), College of Aerospace Engineering, Chongqing University,
Chongqing, 400044, China, China
Li, Weiguo (wgli@cqu.edu.cn), College of Aerospace Engineering, Chongging University, Chongqing,
400044, China, China

The buckling behavior of metallic columns under wide-range temperature environments has a significant
impact on the safety performance of engineering structures. This work, based on the Force-Heat Equiv-
alence Energy Density Principle (Li's Principle of Energy Equivalence), the theoretical characterization
models of temperature dependent critical buckling load for stainless steel and aluminum alloy columns
without fitting parameters were established, and the predicted results by the model realize a reasonable
agreement with the available experimental results. Moreover, the influencing factors analysis regarding
the evolution of critical buckling load with temperature were performed. This study contributes to a
deeper understanding of the performance and reliability of metallic columns under operating tempera-
ture conditions, and providing an effective theoretical characterization method for convenient prediction
of buckling performance of metallic columns under wide-range temperature environments.

Complete mode change in the far post-buckling response of laminated
plates: An analytical approach

Bohlooly Fotovat, Mehdi (mehdi.bohlooly-fotovat@p.lodz.pl), Lodz University of Technology, Poland
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This presentation is devoted to the analysis of complete mode change in the post-buckling behavior
of laminated composite plates. The plate under uniaxial compression has simply supported boundary
conditions. For this purpose, a comprehensive closed form equation is calculated by introducing a novel
multi-term displacement function which only consists of dominant mode shapes. The von Karman
type of compatibility equation is solved and the resulting stress function, together with the assumed
displacement are employed to solve the equilibrium equations of thin-walled plates within the framework
of classical theory. By incorporating different initial imperfection patterns, all possible equilibrium paths
are traced. The method is more efficient than numerical arc-length methods to find snapping conditions.
Comparison of the analytical post-buckling curves with those of commercial finite element analysis
reveals the existence of multiple bifurcation points in the equilibrium path, which they are not visible
in the numerical methods. By conducting some parametric analysis, it is shown that there are some
factors such as aspect ratio and layer arrangement which are effective to have earlier mode change.

A quadrilateral curved shell element with pseudo-curvatures and the
discrete shear projection method

Katili, Rani Salsabila (rani.salsabila21@ui.ac.id), Universitas Indonesia, Indonesia
Maknun, Imam Jauhari (imam_jmQ@ui.ac.id), Universitas Indonesia, Indonesia
Katili, Irwan (irwan.katili@ui.ac.id), Universitas Indonesia, Indonesia
Naceur, Hakim (hakim.naceur@insa-hdf.fr), Polytechnic University Hauts-de-France Institute of
Technology of Valenciennes, France

This study presents a quadrilateral curved shell element, named Q4Ys20, with 20 degrees of freedom.
The element was developed based on the first-order shear deformation theory of Reissner-Mindlin-Naghdi
to analyse isotropic and laminated composite shells. It uses a linear approximation for displacement
fields and pseudo-normals to obtain the full CO continuity of the 3D geometry. The pseudo-normals
are then used for the pseudo-curvatures in the bending energy. The pseudo-curvature geometrically
couples the membrane with bending behaviours. The Q420 element passes the bending patch test,
has no spurious energy modes, and demonstrates accurate solutions across established benchmark tests
for isotropic and laminated composite shell structures. Numerical results indicate that the proposed
element offers accuracy comparable to well-established elements like MITC4, MITC4+, and DKQ24.

Homogenization of heterogeneous morphoelastic thick Reissner-Mindlin
plate with finite-strain deformation when the thickness and the size of the
in plane heterogeneities are of the same order of magnitude

Pruchnicki, Erick (erick.pruchnicki@gmail.com), Univ. Lille, ULR 7512 — UML -Unité de Mécanique
de Lille, Joseph Boussinesq, 59000 Lille, France, France
Chen, Xiaoyi (xiaoyichen@bnbu.edu.cn), Bejiing Normal-Hong Kong Baptist University, Zhuhai
519087, China; Guandong Provincial Key Laboratory of Interciplinary research and Applications for
Data Science., China

In this work, we propose a new two-scale finite-strain thin plate theory for highly heterogeneous thick
plates described by a repetitive periodic microstructure. For this type of theory, two scales exist, the
macroscopic one is linked to the entire plate and the microscopic one is linked to the size of the het-
erogeneity. We consider the case when the plate thickness is comparable to in-plane heterogeneities.
Then we obtain the nonlinear homogenized model by performing simultaneously both the homogeniza-
tion and the reduction of the initial three-dimensional plate problem to a two-dimensional one. The
constitutive law of each material is assumed to be of non linear elastic quasi-incompressible law with
growth which is used for biological plate for example leaves of plants. The total displacement field is
assumed to be the sum of the macroscopic part of the displacement and a microscopic one. For thick
plate, Reissner-Mindlin model is commonly used in Engineering. It is the main novelty of this current
work. Then the macroscopic part of the displacement field is completely defined by the displacement
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field of the reference undeformed mid-surface and the director vector field , which is necessarily of unit
length and not orthogonal to the deformed mid-plane of the plate. So it takes into account of the
effect of transverse shears and the inextensibility of the normal fiber. It is analogous to the Timoshenko
beam model which takes into account the effect of transverse shears for thick beam. Then the potential
energy the variational formulation and the strong formulation of the macroscopic mechanical problem
can then be established. The microscopic displacement satisfies a microscopic problem which is care-
fully constructed. The homogenization is obtained by considering the equivalence between the global
macroscopic work of internal forces and the local microscopic one.

Generalized Beam Theory for buckling analysis of thin-Walled Composite
Beams

de Freitas Araujo, Heitor (heitor.defreitas2@unibo.it), Universita di Bologna, Italy
Yan, Cheng Angelo (chengangelo.yan@unibo.it), Universita di Bologna, Italy
Fantuzzi, Nicholas (nicholas.fantuzzi@unibo.it), Universita di Bologna, italy

The use of composite materials in structural applications is steadily increasing, yet their complex me-
chanical behavior poses significant challenges for engineers worldwide. Conventional theories often
struggle to accurately capture the in-plane response of thin-walled composite members under buckling
loads. This paper presents an original software implementation based on the Generalized Beam Theory
(GBT), which models thin-walled composite beams as linear elements while preserving high precision
in their in-plane distortion and cross-sectional deformation. The proposed GBT-based tool is applied
to perform buckling analyses on classical thin-walled composite profiles, such as C-shapes and I-beams,
commonly used in civil engineering. Results from the software are validated against well-established
analytical and finite element methods, demonstrating excellent agreement in critical buckling loads and
deformation modes. This validated approach provides a reliable foundation for extending GBT to more
complex problems involving composite structures, enabling efficient preliminary design and optimization
in engineering practice.
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Composite structures and materials

Environmental Aging and Freeze-Induced Damage in Post-Impact
Aerospace-Grade Carbon/Epoxy Composites

Trinh, Khac (khac.trinh@monash.edu), Monash University, Australia
Buddhacosa, Junior (junior.buddhacosa@monash.edu), Monash University, Australia
Orifici, Adrian (adrian.orifici@mit.edu.au), RMIT University, Australia
Grigoriou, Katherine (katherine.grigoriou@monash.edu), Monash University, Australia

This study investigates the combined influence of hygrothermal conditioning and freeze exposure on
the structural degradation of post-impact aerospace-grade carbon fibre reinforced polymer (CFRP)
laminates. Plain-weave carbon/epoxy composites with a stacking sequence of [(45/45)/(0/90)]s were
conditioned for moisture absorption in accordance with ASTM D5229, in both pristine and low-velocity
impact-damaged conditions, until reaching equilibrium moisture content. Subsequently, the specimens
were subjected to freeze exposure at 80 °C. Gravimetric analysis was employed to quantify diffusion
kinetics and equilibrium moisture uptake, while X-ray computed tomography (CT), scanning electron
microscopy (SEM), and ultrasonic C-scan imaging provided detailed three-dimensional characterisation
of internal damage, including delamination and matrix cracking induced by impact and environmental
exposure. The synergistic effects of moisture, elevated temperature (80 °C, 90% RH), and subse-
quent freezing were evaluated to assess the evolution of microstructural damage in both pristine and
impacted laminates. Finite element simulations incorporating temperature- and moisture-dependent
material degradation, thermal expansion, and cohesive zone modelling were used to predict the resid-
ual compressive strength after impact (CAl). The results demonstrate that impact damage accelerates
moisture diffusion and promotes microcrack propagation, leading to a reduction in CAl strength. Freeze
exposure further degrades fibre-matrix interfaces and interlaminar bonding through differential thermal
contraction of absorbed moisture. These findings highlight the importance of accounting for cou-
pled environmental and mechanical damage mechanisms when evaluating the long-term durability and
structural integrity of aerospace-grade CFRP components.

Thermal Cycling Induced Degradation of CFRP Laminates under
Supersonic Flight Conditions

Grigoriou, Katherine (katherine.grigoriou@monash.edu), Monash University, Australia
Buddhacosa, Junior (junior.buddhacosa@monash.edu), Monash University, Australia
Trinh, Khac (khac.trinh@monash.edu), Monash University, Australia

Carbon fibre reinforced polymer (CFRP) laminates are increasingly adopted in next-generation super-
sonic aircraft due to their exceptional specific stiffness, strength, and thermal stability. However, during
high-altitude and high-speed flight, these structures are subjected to repeated and extreme thermal
excursions—ranging from sub-zero temperatures at altitude ( 55 °C) to aerodynamic heating near
+150 °C—posing significant durability challenges. The mismatch in coefficients of thermal expansion
between carbon fibres and polymer matrices generates cyclic interfacial stresses, driving progressive
microcracking, fibre-matrix debonding, and residual stress accumulation. While numerous studies have
characterised hygrothermal ageing and single-temperature exposure, comparatively fewer have exam-
ined the cumulative effects of repeated thermal cycling representative of supersonic flight environments.
Existing investigations reveal complex and sometimes contradictory trends in stiffness and strength evo-
lution, with damage mechanisms and property degradation highly dependent on laminate architecture,
resin chemistry, and exposure history. This study addresses these knowledge gaps through an extensive
experimental evaluation of aerospace-grade CFRP laminates exposed to cyclic thermal loading between
55 °C and +150 °C. The investigation systematically quantifies the evolution of microstructural damage
using X-ray computed tomography (XCT) and correlates these observations with changes in tensile,
compressive, open-hole tension (OHT), and open-hole compression (OHC) performance across multiple
cycle intervals. Results provide new insight into the coupling between thermally induced microdam-
age and residual mechanical performance, highlighting the early-stage accumulation of microcracks as
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the dominant driver of property degradation. The findings contribute to the development of predictive
durability models and inform qualification frameworks for reusable composite structures operating under
the severe and cyclic thermal environments of supersonic and spaceflight applications.

Advanced Layup Strategies for Damage-Tolerant and Cost-Effective CFRPs abst. 1020

Suitable for Large Aerospace Structures CIMA

Tuesday

Kazemi, Erfan (m.kazemi@imperial.ac.uk), Imperial College London, UK June 23
Wang, Hongyan (), Imperial College London, UK 13h10

Passariello, Andrea (), Helicoid Industries, UK
Mencattelli, Lorenzo (), Helicoid Industries, UK
Walsh, Oran (), Spirit AeroSystems, UK
Pinho, Silvestre (), Imperial College London, UK

Aircraft components experience complex loading conditions such as high-cycle fatigue, adverse environ-
mental effects, and foreign object damage at low altitudes. Consequently, novel layup design strategies
are essential for developing robust, lightweight structures with high integrity, addressing the brittleness
and limited impact resistance of conventional aerospace designs. Recently, alternative microstruc-
tural concepts, such as bio-inspired and double-double layups, have been introduced to enhance the
damage tolerance of carbon fibre-reinforced polymers (CFRPs), thereby improving structural efficiency
and reducing fuel consumption. Conventional aircraft designs often involve assembling multiple large
components, increasing manufacturing complexity, time, and cost. In contrast, integrated one-piece
structures produced through co-curing and bonding offer a viable alternative, simplifying production
and improving performance. This study investigates the integration of alternative design principles —
bio-inspired and double-double — with automated dry fibre placement (DFP) and resin transfer mould-
ing (RTM) to enable the manufacture of large-scale, damage-tolerant CFRP components. Recent
advancements in automated manufacturing allow efficient implementation of non-conventional layups
and microstructural designs that significantly enhance mechanical performance in aerospace applica-
tions. A bio-inspired helicoidal design is applied to develop CFRP laminates with improved damage
tolerance while remaining compatible with large-scale manufacturing. Double-double designs further
reduce manufacturing time and cost without compromising performance. The laminates are produced
using DFP and RTM and tested under mechanical loading conditions, including buckling, low-velocity
impact (LVI), and compression-after-impact (CAl) to assess stability relative to baseline configurations.
Both bio-inspired and double-double layups are designed as buckling-matched laminates using D-matrix
equivalence for fair comparison. Pitch angles are varied through the laminate thickness, based on pre-
liminary finite element analysis, to determine the optimal configuration. Using DFP, aerospace-grade
carbon fibre tapes are laid with controlled orientation. After deposition, injection and curing, the lami-
nates are then demoulded and cut into specimens for testing in accordance with ASTM standards, and
results will be presented at the conference.

Fracture of Graded Aluminum Matrix Composites: Experiment and abst. 1026
Phase-Field Modeling SANT’EFISIO
Thursday
Darban, Hossein (hdarban@ippt.pan.pl), Institute of Fundamental Technological Research, Polish ~ June 25
Academy of Sciences, 02-106 Warsaw, Poland, Poland 10h00

Bochenek, Kamil (), Institute of Fundamental Technological Research, Polish Academy of Sciences,
02-106 Warsaw, Poland, Poland
Weglewski, Witold (), Institute of Fundamental Technological Research, Polish Academy of Sciences,
02-106 Warsaw, Poland, Poland
Basista, Michat (), Institute of Fundamental Technological Research, Polish Academy of Sciences,
02-106 Warsaw, Poland, Poland
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Multilayered metal-ceramic composites constitute a class of functionally graded materials defined by
discrete variations in composition across their thickness. These advanced structural systems can be
tailored to meet specific performance requirements. Aluminum-matrix composites, in particular, are
highly attractive due to their low density, high thermal conductivity, enhanced specific strength, and
the relatively low cost of their constituent phases. A detailed assessment of their fracture properties
and failure mechanisms is essential for expanding their use in engineering applications. This work
presents an integrated experimental and numerical study of fracture in vertically and transversely graded
AlISi12-AlO composites. Multilayered bulk disks with volume fractions of 10, 20, and 30 percent AlO
are manufactured via powder metallurgy. Single-edge V-notched beam (SEVNB) specimens and round
compact tension specimens are extracted and tested under four-point bending and tension, respectively.
The experiments are supported by phase-field fracture simulations, in which the length-scale parameter
is calibrated by fitting numerically predicted fracture loads to the measured values. The calibrated model
is then used to investigate the influence of layer stacking sequence on the load—displacement response
and crack trajectory. The results indicate that the stacking sequence has a significant impact on the
peak load, post-peak behavior, and crack propagation path. Moreover, the phase-field simulations
successfully capture experimentally observed features such as crack arrest, crack branching, and crack
deflection within the graded layered structure.

Integrated design of flame retardancy, smoke suppression and structure of

carbon fiber reinforced vinyl ester resin composites through intercalation of
nanofiber membranes

Xie, Wang (xiewang@shu.edu.cn), Shanghai University, China
Yu, Mingming (mmyu@shu.edu.cn), Shanghai University, China
Fang, Lin (Ifang@shu.edu.cn), Shanghai University, China
Xiao, Yi (yixiao@shu.edu.cn), Shanghai University, China

Nanofiber flame-retardant membranes (FPm) are prepared from polyether sulfone (PES) and pentaery-
thritol phosphate ester (PEPA) by electrospinning technique and inserted in the interlayer of carbon
fiber reinforced vinyl ester resin (CF/VER) composites. The FPm can improve the flame-retardancy
and smoke suppression of the CF/VER composites by promoting the charring of interlayer structure and
form a barrier layer. The thickness of the FPm and the flame-retardant performance of the composites
are positive correlation. At a FPm's thickness of 50 m, the limiting oxygen index (LOI) and UL-94
ratings of the CF/VER composites reached 33.5 % and V-1, respectively. The total heat release (THR)
and total smoke release (TSP) are reduced by 26.4 % and 30.4 %, respectively. Due to the interlayer
enhancement effect of FPm, the mechanical strength and interlaminar fracture toughness of CF/VER
composites are also improved. Especially, when the thickness of FPm is 30 m, the mode | interlaminar
fracture toughness (GIC) of the CF/VER composite increased by 17.4 %. while the flexural strength,
interlayer shear strength (ILSS), mode Il interlaminar fracture toughness (GIIC) and storage modulus
(E’) are all enhanced.

Buckling analysis of thin-walled FG composite beam type structures under
thermo-mechanical loads

Kvaternik Simonetti, Sandra (sandra.kvaternik@uniri.hr), University of Rijeka, Faculty of Engineering,
Croatia
Lanc, Domagoj (domagoj.lanc@uniri.hr), University of Rijeka, Faculty of Engineering, Croatia
Turkalj, Goran (goran.turkalj@uniri.hr), University of Rijeka, Faculty of Engineering, Croatia

This research investigates the buckling behavior of a functionally graded Euler-Bernoulli beam under
thermo-mechanical loads using an upgraded geometric nonlinear algorithm, THINWALL FG. The algo-
rithm utilizes a 1D numerical model based on a spatial beam finite element approach, considering small
deformations and large rotations. For nonlinear analysis, the updated Lagrangian (UL) incremental
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formulation is implemented using the principle of virtual works. The focus of the model is on studying
stability issues arising from varying temperature conditions. The study explores composite materials,
particularly functionally graded materials, and assumes three types of temperature distributions across
the beam wall thickness: uniform, linear, and nonlinear. Temperature-dependent material properties
varying only in the thickness direction using the power-law function. The model allows for determining
the load level leading to unstable deformation forms. Under different boundary conditions, power-law
index values, and FG distributions, critical values of temperatures are determined, as well as the non-
linear response of beam structures. Comparative analysis is conducted with existing literature and shell
finite element models, demonstrating key differences. The proposed algorithm significantly advances
the existing research in the stability analysis of thin-walled structures.

Assessment of the long-term behaviour of timber-concrete composite floors

Suarez-Riestra, Félix (felix.suarez@udc.es), University of A Corufia, Spain
Otero-Chans, Dolores (dolores.otero.chans@udc.es), University of A Corufia, Spain
Vazquez-Rodriguez, Pepe (jose.vazquez@udc.es), University of A Coruiia, Spain
Martin-Gutiérrez, Emilio (emilio.martin@udc.es), University of A Corufia, Spain

The combination of timber and concrete for the development of composite cross-sections in the design
of floor slabs has demonstrated enormous benefits. Timber brings lightness, flexibility and sustainability
to these systems, and concrete provides rigidity, continuity, the possibility of designing rigid joints and
an improvement in acoustic and fire performance. The goal is to design solutions in which concrete
has a reduced presence, with a very thin layer on top of the section. Numerous studies and proposals
have been made regarding different types of shear connections and cross-section designs. Timber and
concrete share the characteristic of creep deformation, also strongly influenced by the temperature and
humidity conditions in service, which makes it extremely difficult to determine their long-term behaviour.
The most common studies and reference standards (EC-5 CEN/TS 19103;2021) establish an analysis
of this long-term behaviour that must take into account a combination of factors affecting the two
materials and the connection system. These methodologies, based on the effective modulus, determine
three corrections to the elastic and shear moduli of each component. In addition, they establish a
single exposure environment condition in terms of humidity-temperature, which does not correspond to
conventional situations characterised by a changing environment. Based on different configurations, our
research team has developed long-term testing campaigns under changing environmental conditions,
corresponding to outdoor exposure and therefore subject to seasonal climate variations, establishing a
new simplified methodology. The solutions tested comprise composite pieces consisting of a laminated
wood web and a reinforced concrete top slab, using glued perforated steel sheets as a connection joint; a
second mixed solution with a double T-section, a laminated wood lower section and birch plywood webs,
with direct connection to the upper concrete slab by means of perforations in the webs; and a third
solution with a double T-section with a lower flange and CLT webs that uses the system of perforations
in the webs as a means of connection with the upper concrete slab. In all cases, lengths compatible
with the typical use of these systems are adopted, ranging from 6.00 to 9.00 m, with permanent loads
compatible with residential uses. These elements have been kept in uncontrolled exposure conditions
for periods of up to 1,000 days, with periodic monitoring of deformation and environmental conditions
of humidity and temperature. Experimental analysis has revealed the influence of the stiffness of the
slabs that make up the cross-section on the deflection of the floors and on the increases and decreases
in creep deformation over time. This analysis has led to the development of an analytical approach that
allows for the long-term determination of a component’s deflection based on the ambient temperature
and humidity history in which it has been installed. Based on these results, a methodology is proposed
that is capable of predictively establishing long-term behaviour, taking into account the initial stiffness
of the piece and the cyclic component variations that environmental changes generate in the assembly,
obtaining very closed relationships between measured and estimated results in all cases
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SPH-FE Analysis of Bird Strike Damage in Bio-Inspired Helicoidal
Laminated Composites: Effect of Impact Location

Kop, Meryem Dilara (meryemdilarakop@gmail.com), Suleyman Demirel University, Turkey
Garg, Aman (aman@stu.edu.cn), Shantou University, China
Avcar, Mehmet (mehmetavcar@sdu.edu.tr), Suleyman Demirel University, Turkey

Laminated composites are employed in the construction of diverse structures across civil, automotive,
aerospace, marine, and military sectors, since the mechanical characteristics of laminated structures
may be altered by adjusting the ply angle and thickness of each layer. The primary issue with classic
laminated composites, is their brittleness; they possess significant strength but may fracture abruptly
upon impact. However, bionispired materials, on the other hand, are both strong and tough. Therefore,
this prooceding focuses on the damage behavior of bio-inspired helicoidal laminated composite plates
with hole and explores how the damage response varies based on the location of impact. A hybrid
Smoothed Particle Hydrodynamics (SPH) - Finite Element (FE) modeling approach methodology is
used in Abaqus. The comparison of the damage response of bio-inspired helicoidal configurations with
those for conventional laminated composite plates is presented. The birds strike the center and close to
the edge of the plate. The Hashin damage criteria is applied to evaluate damage modes, including fiber
fracture in tension/compression and matrix rupture, under these challenging impact conditions within
the laminate’s structure. Validation of the literature studies for the accuracy of the present numerical
model. To measure the localized energy absorption behavior at the plate edge and center, strain energy
analysis was carried out. Research results demonstrated that Bio-inspired laminated composite shows
higher strain energy dissipatiation capacity.

A comparative assessment of the drop-weight impact damage tolerance in
bio-based composite laminate sandwich structures under various weathering
conditions

Haghighat Shishavan, Babak (babak.haghighat-shishavan@port.ac.uk), University of Portsmouth,
United Kingdom
Varlese, Larah (Larah.Varlese@myport.ac.uk), University of Portsmouth, United Kingdom
Giasin, Khaled (khaled.giasin@port.ac.uk), University of Portsmouth, United Kingdom
Barouni, Antigoni (antigoni.barouni@port.ac.uk), University of Portsmouth, United Kingdom

Fibre-reinforced sandwich composites are widely used in offshore energy and marine sectors as a pre-
ferred material in primary structural components due to their excellent mechanical performance and
lightweight characteristics. However, they are susceptible to impact damage that can occur both during
manufacturing and maintenance as well as during service. In this work, the performance of a sustainable
alternative to glass-fibre reinforced sandwich composite laminates is investigated under drop-weight im-
pact with the influence of various weathering conditions, under controlled humidity and temperature.
The damage propagation and evolution is further explored using non-destructive testing techniques,
such as X-Ray computed tomography (XCT) and microscopic analysis.

Investigation of the shock attenuation capabilities of full-composite
sandwich panels

Louar, Mohamed Abed Erraouf (r.louar@gmail.com), Ecole Militaire Polytechnique, Algeria
Amar, Tararbit (tararbitamar865@gmail.com), Ecole Militaire Polytechnique, Algeria
Rami, Rabehi Imad (ramirabehi28@gmail.com), Ecole Militaire Polytechnique, Algeria

Chaima, Akrour (akrourchaima@gmail.com), Ecole Militaire Polytechnique, Algeria

Explosions, whether accidental or intentional, impacts, collisions, and road accidents represent scenarios

where a structure can be subjected to dynamic loading, jeopardizing its integrity and the safety of people
and equipment within it. In this context, this work aims to develop and evaluate the performance of
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full-thermoplastic reinforced fibers composite sandwich panels. To this end, a solvent-based process for
manufacturing sandwich panels including corrugated laminated composites with a thermoplastic matrix
reinforced by continuous fibers, has been developed. Two materials are considered: PLA and ABS.
The preliminary obtained results, for quasi-static and low speed impact loadings, are promising and
demonstrate the good performance of the developed materials.

Design and Detailing of Stiffened Composite plates with Integral
Longitudinal and Transverse Stiffeners

Ganesha Naik R (ce19d037@smail.iitm.ac.in), Indian Institute of Technology Madras, India
Alagusundaramoorthy, P. (aspara0@ijitm.ac.in), Indian Institute of Technology Madras, India

Plates are efficient structural members for carrying both in-plane and out-of-plane loads. The provision
of stiffeners enhances the out-of-plane stiffness and post-buckling strength of plates without significantly
increasing their total weight. Stiffened steel plates are widely used in ship decks and offshore oil
platforms, where they are predominantly subjected to combined in-plane and out-of-plane loading.
Owing to their high strength-to-weight ratio, high stiffness-to-weight ratio, and excellent corrosion
resistance, stiffened composite plates present a viable alternative to stiffened steel plates. The design
of stiffened plates subjected to in-plane axial loads primarily aims to prevent the local buckling of both
the plate and the stiffeners prior to reaching the ultimate strength. In this study, a design procedure
is developed considering general ranges of plate slenderness ratios and column slenderness ratios for
stiffened composite plates with integrally fabricated longitudinal and transverse stiffeners. The proposed
procedure addresses the determination of preliminary dimensions, minimum plate thickness, maximum
stiffener depth, number of laminate layers, thickness of individual layers, and the corresponding laminate
lay-up sequence.

Numerical investigation of masonry arches strengthened with nonwoven

flax-based cementitious laminates
Ramzikhalesi, Bahareh (ramzikhalesi.bahareh@upc.edu), Universitat Politécnica de Catalunya (UPC),
Spain
Claramunt Blanes, Josep (josep.claramunt@upc.edu), Universitat Politécnica de Catalunya (UPC),
Spain

Bernat Maso, Ernest (ernest.bernat@upc.edu), Universitat Politécnica de Catalunya (UPC), Spain

Masonry arches represent a fundamental structural typology in existing and historical constructions,
often requiring strengthening solutions that are compatible with the original materials while improving
structural performance. Cementitious composite systems have been widely investigated for masonry
strengthening; however, the use of nonwoven natural fiber textiles in cementitious strengthening systems
remains largely unexplored as a sustainable alternative for masonry strengthening. This contribution
presents a numerical study on masonry arches strengthened with a nonwoven flax-based cementitious
laminate, developed in close connection with an experimental investigation on full-scale masonry arches.
A reference unreinforced arch and strengthened configurations are considered to evaluate the influence
of the nonwoven composite system on the structural response of the arch. The numerical framework is
based on finite element modeling of masonry arches, accounting for the geometry, material properties,
and strengthening configuration. The numerical analyses aim to reproduce the mechanical behavior
observed in experimental tests, with particular attention to the global response of the arch under loading.
The results support a numerical-experimental comparison, providing insight into the effectiveness of
nonwoven flax-based cementitious composites for masonry arch strengthening. This work contributes to
the assessment of bio-based composite systems for structural rehabilitation and sustainable construction
applications.
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Structural Assessment of Composite Laminates with Holes Integrated
During Layup Using Continuous Fiber Deposition

Fiumarella, Dario (dario@holy-technologies.com), Holy Technologies, Germany
Ciardiello, Raffaele (raffaele.ciardiello@polito.it), Politecnico di Torino, Italy
Boursier Niutta, Carlo (carlo.boursier@polito.it), Politecnico di Torino, Italy

Ciampaglia, Alberto (alberto.ciampaglia@polito.it), Politecnico di Torino, Italy

Reiners, Moritz (moritz@holy-technologies.com), Holy Technologies, Germany

Holes and cut-outs in fiber reinforced polymer composites represent one of the most critical structural
features, as they interrupt the continuity of the reinforcement and force the load to redistribute around
the geometric discontinuity. This redistribution produces non-uniform and highly concentrated stress
fields that can be severe in composite laminates, where the load carrying capability depends strongly
on the local fiber direction. Even small openings can therefore initiate matrix cracking, promote delam-
ination, and significantly reduce the ultimate strength of the component. In conventional composite
manufacturing, holes are typically created through drilling or trimming operations, which cut load bear-
ing fibers and may generate machining related defects. In addition to the structural problems, these
operations increase process time and material waste, often making drilled holes a governing factor for
both structural performance and manufacturing efficiency. However, despite their practical relevance,
there is limited understanding of how continuous fiber reinforcement around an opening influences local
stress fields and failure mechanisms in laminates that remain free of fiber discontinuities. This work in-
vestigates an alternative fiber reinforced composite polymers manufacturing strategy that integrates the
hole directly during layup, avoiding any post machining or drilling. The concept relies on a continuous
fiber deposition technology called IFP (Infinite Fiber Placement) developed by Holy Technologies GmbH
and made available for the present research. The process enables the manufacturing of laminates by
placing a single uninterrupted dry roving fiber along programmed trajectories, allowing controlled redi-
rection of the reinforcement around the opening while preserving the full fiber continuity and avoiding
any fiber interruption. This capability not only maintains the structural integrity of the reinforcement
but also allows multiple local reinforcement strategies. Since the system deposits a single continuous
roving, and no drilling is necessary, the fiber path can be guided around the hole in different configura-
tions, giving the freedom to tailor the local architecture to the expected load redistribution. This level
of control is not attainable with traditional laminate manufacturing and offers new opportunities for
optimizing regions containing geometric discontinuities. The resulting preform is consolidated through
resin transfer molding in a closed mold system. An additional characteristic of the process is the use
of a fully dissolvable epoxy resin that allows complete recovery of the continuous uninterrupted fiber
at the end of life. Because the reinforcement is deposited as an uninterrupted roving filament, the
reclaimed fiber can be recovered without geometric discontinuities and size reduction, and reused with
minimal performance loss. Although recyclability is not the primary focus of this work, this character-
istic reinforces the technological relevance of maintaining fiber continuity and contributes to improved
material efficiency for future composite applications. In this study, specimens produced with integrated
holes were manufactured using the continuous fiber deposition process and compared with conventional
laminates in which the hole was manufactured by a standard drilling operation. The mechanical char-
acterization focuses on stress and deformation redistribution around the opening, the initiation and
evolution of damage, and the resulting structural response under tensile loading. Microstructural obser-
vations were also conducted to correlate failure mechanisms with the local fiber architecture and with
the presence or absence of reinforcement continuity. The obtained results indicate that integrating the
hole during layup can modify the local load redistribution and influence the onset and progression of
damage. The study highlights the potential of continuous fiber architectures to improve the structural
response around geometric discontinuities and improve the material usage efficiency. Furthermore, the
study provides a first framework for developing design strategies for composite laminates with locally
tailored reinforcement paths.

Prediction and Enhancement of Impregnation Quality in Wet Filament
Winding through Impregnation Pressure Control
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Jo, Jaeyoung (jy1151102@kaist.ac.kr), KAIST, South Korea

Bae, Sangyoon (), KAIST, South Korea
Lim, Suhyun (), KAIST, South Korea
Kim, Wonvin (), KAIST, South Korea
Lee, Jeeeun (), KAIST, South Korea

Parkartiwan, Kiyaranu Putra (), KAIST, South Korea
Lee, Mingeun (), KAIST, South Korea
Cho, Donghyeon (), KAIST, South Korea
Kim, Seong Su (seongsukim@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced
Institute of Science and Technology, South Korea

Carbon Fiber Reinforced Plastics (CFRPs) are widely used in aerospace, automotive, and energy struc-
tures because they provide high strength and stiffness at low weight and resist corrosion. Wet filament
winding is commonly adopted since it is fast, cost-efficient, and can place continuous fibers along the
required path with good repeatability. It is especially suitable for cylindrical and axisymmetric parts
where fiber angle control is critical. A key difficulty in wet filament winding is that the thermoset resin
keeps curing during the process. As curing progresses, the resin viscosity gradually increases. This
viscosity rise is unavoidable, and it increases the flow resistance against resin impregnation into the
small pores inside a fiber tow. When the flow becomes limited, dry regions and voids can appear, and
impregnation can vary from layer to layer even if the machine settings are unchanged. A condition that
produces good impregnation at the beginning of winding can become insufficient later, so the process
benefits from control strategies that adapt to the changing flow resistance rather than relying on fixed
processing parameters. In this study, we propose a process control method to improve impregnation
in wet filament winding. First, a cure kinetics model is used to predict how resin viscosity evolves in
real time under the winding conditions. Based on this prediction, we use a mechanism-based model
that connects the driving pressure at the drum-tow interface to resin impregnation into the tow. The
framework includes a viscosity-adaptive tension control strategy to maintain sufficient driving pressure
for impregnation as the resin viscosity increases. Also, consider hydrodynamic pressure generated by
relative motion between the tow and the drum, which can add an additional driving force for resin flow.
The main focus is on compensating for the gradual loss of impregnation efficiency caused by viscosity
increase and on assessing whether hydrodynamic pressure can support impregnation without simply
increasing the tensile load carried by the fibers. To validate the proposed impregnation mechanisms,
tow-level specimens collected during the winding process were analyzed by cross-sectional imaging to
quantify the distributions of fiber, resin, and void fractions and compare them with the simulation
trends. In addition, resin saturation was evaluated to check how much of the available pore space was
filled with resin. The results show that viscosity-adaptive tension control improves fiber volume frac-
tion uniformity and reduces void content compared with constant tension conditions. In addition, the
relative-motion condition increases resin saturation, indicating improved impregnation while keeping the
fiber tension unchanged. Overall, this work connects rheological changes to impregnation behavior in
wet filament winding and proposes an effective route for improving impregnation consistency through-
out the process. The combined use of viscosity-tension control and hydrodynamic pressure not only
compensates for flow limitations due to the viscosity increases but also leads to enhanced impregnation
quality and more reliable mechanical performance in wet-wound composite structures.
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Li, Dongsheng (lidongs@buaa.edu.cn), School of Mechanical Engineering and Automation, Beihang
University, China

With the escalating demand for structure-function integration in aerospace, high-end equipment, and
other cutting-edge fields, advanced structural materials that synergistically combine exceptional mechan-
ical properties with tailored physical functionalities have emerged as a research frontier. Against this
backdrop, lattice structures have garnered extensive attention due to their superior lightweight charac-
teristics, high specific strength/stiffness, and remarkable designability. Through deliberate engineering
of their unit cell configurations and spatial arrangements, lattice structures can achieve specialized
mechanical functionalities—such as negative Poisson’s ratio and multi-stage energy absorption—that
are unattainable with conventional bulk materials. Among these, deformable lattice structures (also
referred to as mechanical metamaterials) can undergo controlled large deformations in response to
external stimuli, enabling transformative applications including adaptive morphing structures and flex-
ible robotics. This further expands the application scope of lattice structures and holds significant
strategic implications for realizing active deformation, dynamic response, and smart skin technologies
in aerospace devices. Integrating electromagnetic wave absorption functionality into lattice structures
represents a critical pathway to achieving structural stealth, which enables aircraft platforms to reduce
their radar cross-section (RCS) while preserving robust mechanical load-bearing capacity. However,
prevailing strategies for implementing wave absorption in lattice structures—such as direct doping with
magnetic or dielectric absorbing fillers—often compromise the mechanical integrity of the structure,
leading to increased brittleness of the matrix material and degraded interfacial strength, thereby devi-
ating from the core objective of structure-function integration. Moreover, for practical deployment, the
polarization stability of absorption performance is paramount: the structure must maintain consistent
and efficient absorption when electromagnetic waves are incident at varying polarization angles. This
poses a formidable challenge for lattice structures, which typically feature complex three-dimensional
geometries. Notably, for deformable lattice structures, their geometric configurations change drastically
before and after deformation, making it a central unresolved issue to ensure high and stable absorption
performance throughout large-scale deformation processes. Three primary challenges hinder the realiza-
tion of high-performance, stable electromagnetic wave absorption in deformable lattice structures: First,
limited design space. The solid fraction of lattice structures is typically very low, leaving minimal effec-
tive physical space for integrating wave-absorbing functional units. This severely constrains traditional
absorption schemes that rely on thick lossy materials or intricate resonant structures. Second, complex
polarization stability design. Most deformable lattice structures exhibit three-dimensional asymmetry,
and their inherent structural anisotropy readily causes absorption performance to fluctuate significantly
with the polarization direction of incident waves, making it extremely difficult to achieve wide-angle,
polarization-insensitive absorption responses. Third, stringent deformation adaptability requirements.
Deformable structures undergo substantial, non-linear changes in unit shape, spatial orientation, and
relative positions between their initial and deformed states, which directly alter their electromagnetic
response characteristics. Conventional "static" absorption designs are ill-suited to this dynamic, multi-
state electromagnetic environment, making it a highly challenging goal to ensure stable absorption
performance throughout the deformation process. To address these challenges, this paper proposes and
demonstrates an electromagnetic metasurface-based approach to endow deformable lattice structures
with high-stability electromagnetic wave absorption capabilities without compromising their mechan-
ical properties. The core of this strategy is to abandon bulk matrix doping and instead utilize the
laser-induced graphene (LIG) technique to directly fabricate patterned graphene metasurface layers in
situ on the surfaces of lattice structure components. This process requires no additional adhesives or
complex post-treatment; the resulting lightweight graphene layer forms a robust bond with the sub-
strate, adds negligible weight, and has a minimal impact on the structure’s mechanical strength and
deformability. To validate the feasibility of this approach, we selected representative lattice structures,
designed the pattern distribution of the graphene metasurface by using the optimization method, and
fabricated integrated LIG metasurface samples via multi-material additive manufacturing. Experimental
results show that the as-fabricated samples achieved over 90% broadband absorption efficiency within
the target frequency band in the undeformed state, with excellent stability under both TE- and TM-
polarized wave incidence. More importantly, when the structure underwent large tensile deformation,
only minor shifts in the absorption center frequency and bandwidth were observed, and the absorption
performance remained highly stable throughout the deformation process. These findings fully demon-
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strate the effectiveness and advancement of the proposed metasurface design method in addressing
the electromagnetic performance stability of deformable structures. This research provides a versatile,
efficient, and mechanically benign design and manufacturing paradigm for integrating electromagnetic
functionalities into deformable lattice structures and broader classes of flexible/reconfigurable mechan-
ical metamaterials. It significantly advances the development of structure-function integration toward
dynamic and intelligent applications.

Transforming 3D-Printed Anisotropic Modules into Mechanically-Enhanced
Isotropic Metamaterials

Guo, Xiangyu (ZB2205105@buaa.edu.cn), Beihang University, China

Structural materials for engineering applications often operate under forces from multiple directions,
demanding isotropic mechanical performance. Mechanical metamaterials (MMs) exhibit high designabil-
ity in mechanical properties, and their topology-based designs have enabled the realization of nearly
isotropic mechanical responses in theory. However, most MMs are fabricated via additive manufactur-
ing processes, where the layer-by-layer deposition introduces materials anisotropy that limits the actual
performance obtained. Inspired by Kong-Ming Locks, this work proposes an orientation-controlled as-
sembly strategy that transforms anisotropic 3D-printed modules into mechanically-enhanced isotropic
metamaterials. The MM architecture is decomposed into modular planar components (printed with fila-
ments aligned to its principal load-bearing direction); the components are then mechanically assembled
to a macroscopic MM, thereby altering the deposition orientation along critical loading paths and en-
hancing isotropy. Experiments and finite element simulations are conducted to evaluate the mechanical
performance under quasi-static, dynamic impact, and cyclic fatigue loads. The near-isotropic mechan-
ical responses are achieved in assembled MMs: compared with integrated MMs, their anisotropy level
is reduced by 94.3%, while stiffness, strength, failure strain, and energy absorption increase by 9.3%,
50.0%, 59.1%, and 155.5%, respectively. The proposed strategy provides a route to overcome AM-
induced anisotropy and enables scalable manufacturing of high-performance, isotropic metamaterials
for complex service environments.

A Hybrid Biomimetic Suture and Nacre Strategy for Balancing Strength
and Toughness in Architected Composites

Wang, Yi (18376235@buaa.edu.cn), Beihang University, China

Balancing strength and toughness is a central challenge in the design of architectured composites. In
this study, we present a dual-biomimetic strategy that integrates bone-like sutured interfaces within a
nacre-inspired brick-and-mortar framework (NS-Hier). Specimens were fabricated using multi-material
SLA printing and evaluated under quasi-static uniaxial tension and three-point bending. The results
demonstrate that NS-Hier achieves superior mechanical synergy compared with single biomimetic de-
signs. Under tension, NS-Hier exhibits an average stiffness of 428 MPa and strength of 5.2 MPa,
surpassing nacre-like and 2D-suture structures. More importantly, toughness of NS-Hier structure
reaches 185 mJ, representing a 2.5-fold increase over nacre-like and a 1.5-fold increase over 2D-suture
specimens. Fracture analysis confirms that the sutured geometry enforces crack deflection, branch-
ing, and bridging, while the brick-and-mortar layers enable progressive sliding and energy dissipation.
Meanwhile, the role of suture curvature depth (h) on the regulation of structural performance was
discussed, where optimal values achieve the best compromise between stiffness and toughness. Overall,
this dual-biomimetic design reconciles the classical stiffness—toughness trade-off and offers a scalable
route toward damage-tolerant architected composites
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Computational Study of the Coupled Electromechanical Behavior of a
Piezoelectric Cantilever Beam

Kormanikova, Eva (eva.kormanikova@tuke.sk), Technical University of Kosice, Slovakia
Kotrasova, Kamila (kamila.kotrasova@tuke.sk), Technical University of Kosice, Slovakia
Al Mahmoud, Zummurd (zummurd.mahmoud@emu.edu.tr), Eastern Mediterranean University, Nort
Cyprus
Sahmani, Saeid (s.sahmani@ug.edu.ge), The University of Georgia, Georgia
Safaei, Babak (babak.safaei@emu.edu.tr), Eastern Mediterranean University; VVSB-Technical
University of Ostrava, Nort Cyprus; Czech Republic

This work presents a detailed numerical investigation of a smart composite cantilever beam integrated
with a piezoelectric layer, focusing on its coupled sensing and actuation behavior. The structure consists
of carbon fiber—reinforced polymer (CFRP) laminate with a symmetric stacking sequence, onto which
a surface-bonded piezoelectric (PZT) layer is attached to serve simultaneously as a sensor and an
actuator. The coupled electromechanical response of the system is formulated within the framework
of linear 3-D piezoelasticity under static loading conditions. For the sensing analysis, a prescribed
transverse displacement is applied at the free end of the cantilever beam, and the induced electric
potential and electric field distributions within the piezoelectric layer are evaluated. Conversely, in the
actuation analysis, an electric voltage is imposed across the PZT layer, and the resulting structural
response, characterized by the transverse deflection of the beam’s outer surface, is obtained. All
simulations are conducted using a coupled-field finite element formulation implemented in the ADINA
software environment, ensuring accurate representation of the mechanical-electrical coupling effects
within the smart composite structure. As a surrogate machine learning approach Gaussian process
regression (GPR), artificial neural networks (ANNSs), support vector regression (SVR) are used, based
on the coupled electromechanical numerical simulation to predict vibrational responses. As validation,
the physics-informed neural network, (PINN) is applied to recognize the effective coupling parameter.
Acknowledgment: The research was supported by projects VEGA 1/0307/23 and VEGA 1/0642/24 of
Scientific Grant Agency of the Ministry of Education, Research, Development and Youth of the Slovak
Republic and the authors extend their acknowledgement to the financial support of the European Union
under the REFRESH-Research Excellence For REgion Sustainability and High-tech Industries project
number CZ.10.03.01/00/22 003/0000048 via the Operational Programme Just Transition.

Theoretical Modeling of Bio-Composites for Sustainable Construction
Components

Marakkath, Nidhi (nidhi.m@nitpy.ac.in), National Institute of Technology, Puducherry, India
Adarsh, M.S. (adarshms1991@gmail.com), National Institute of Technology, Puducherry, India

The construction sector increasingly demands sustainable materials to lower carbon emissions and utilize
agricultural waste. Bio-composites from natural fibers and polymers offer viable solutions through their
renewability, low weight, and lower environmental footprint relative to conventional options. These bio-
composites suit non-load-bearing elements such as partition walls and cladding. They provide balanced
strength for service loads, good thermal and acoustic insulation, and easy manufacturability, fostering
eco-friendly buildings that meet sustainability goals without losing performance or aesthetics. This
work introduces a theoretical modeling approach to forecast elastic properties of bio-composites for
non-load-bearing construction components. By estimating key parameters like elastic modulus and
density enables early structural viability checks, linking material development to real-world construction
needs.

Investigation of Interfacial Bonding in Zr-Based Metallic Glass/PA6-GF30
Sandwich Composites Manufactured by Injection Molding

Dittmann, Kerstin (kerstin.dittmann®@uni-a.de), University of Augsburg, Germany
Morbitzer, Philipp (philipp.morbitzer@uni-a.de), University of Augsburg, Germany
Weidenmann, Kay (kay.weidenmann@mrm.uni-augsburg.de), University of Augsburg, Germany
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Metallic glasses exhibit remarkable properties compared to crystalline metals due to their amorphous
structure. These include high strength and hardness, as well as a high elastic strain limit. Conversely,
they exhibit low toughness and a high susceptibility to brittle fracture, making them less suitable as
monolithic structural components. For this reason, metallic glasses are increasingly used as a reinforcing
phase in hybrid materials to compensate for their brittleness. n this contribution, a sandwich compo-
sition consisting of Zr-based metallic glass face sheets and a PA6-GF30 (Polyamide 6, 30% glass fiber
reinforced) core is manufactured. The metallic glass is processed by injection molding. To enhance the
interfacial bonding, the metallic glass surfaces are laser-structured prior to composite manufacturing.
A systematic parameter study is conducted to modify the micro- and nanoscale surface structures while
maintaining the amorphous structure of the metallic glass. The resulting surface morphologies are
characterized using optical and scanning microscopy, and X-ray diffraction (XRD) measurements are
employed to verify the retention of the amorphous structure after laser treatment. Subsequently, the
sandwich composites are produced in a single-step injection molding process in which the PP core is
molded directly onto the structured metallic glass face sheets. The interfacial shear strength is eval-
uated using an edge shear test. This processing route offers a scalable approach for manufacturing
high-performance, lightweight sandwich composites based on metallic glass face sheets.

Studying the Effect of Pre-stress on the Response Robustness of Shallow
Composite Arches Subject to Large Deformations

Honzak, Michal (Michal.Honzak@uwe.ac.uk), University of the West of England, United Kingdom
Mahmoudi, Amir H. (Amir.Mahmoudi@uwe.ac.uk), University of the West of England, United
Kingdom
Ward, Carwyn (Carwyn.Ward@uwe.ac.uk), University of the West of England, United Kingdom
O’Donnell, Matthew P. (MATT.ODONNELLOQUWE.AC.UK), University of the West of England,
United Kingdom

Recent advances in engineering design have spurred interest in exploiting compliant structural compo-
nents. This is reflected in many industries such as Aerospace (winglets), Renewable Energy (trailing
edges of turbine blades), and Space (deployable systems, including booms and sails). The inclusion
of composite materials further increases the potential of compliant design by coupling anisotropic tai-
loring with geometric non-linearity, offering the potential to optimise performance further. However,
despite the potential benefits of these compliant composite structures (or systems), there remains an
ongoing challenge to experimentally validate their performance, particularly under complex load pat-
terns. Furthermore, the well-known distribution of composite material's mechanical properties (due to
effects such as material areal weight, fibre straightness, and manufacturing-induced variances) presents
a significant additional challenge when aiming to harness these non-linear structural systems. To enable
a wider industrial uptake of these compliant systems, it is essential to ensure the expected response
is “Right-First Time", which requires robust designs and a framework for experimental validation. To
continue progress towards meeting this challenge, this study presents insight into the effects of pre-
stress on the compliant behaviour of shallow composite arches, combining numerical simulation with
targeted experimental validation. Through a parametric exploration of key system variables, metrics
that capture the design’s robustness can be developed, providing the designer with greater confidence
in achieving the desired behaviour. The parametric study quantifies the deviation of experimentally
observed responses from the idealised behaviour of compliant composite arches, providing insight into
the system’s underlying physics by quantifying the extent of variation between the two. In doing so,
the contributions from composite material variability (to minimise them) can be isolated from the de-
sired effects of tuneable design parameters. The anticipated impact of variations of arch geometry
and stiffness is shown to be significantly affected by pre-stress in the system. Specifically, mechanical
and thermal stresses can be accounted for by considering both manufacturing-induced stresses (e.g.,
due to thermal mismatches between laminate layers) and boundary-induced stresses during arch posi-
tioning. The idealised behaviour of the arch is obtained using 2D-shell Finite Element Analysis, which
permits modification of the boundary-induced pre-stress. This alters the arch’s initial equilibrium posi-
tion and can be aligned accurately with experimental observations. By comparing these tuned virtual
experiments to physical observations, an envelope can be defined that captures expected parameter-led
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variation and material variability. From this envelope, a notional robustness index is developed, identi-
fying parametrisations with increased reliability demonstrated across several configurations/qualitative
responses. Lastly, experimental observations highlight the importance of environmental factors and
viscoelastic effects for accurately predicting responses, providing a roadmap for further work (that is, to
develop approaches that account for their contributions rather than applying rigid exclusionary bound-
aries). The work presented confirms a validated pathway for engineering of robust, tailorable, compliant
composite arches, providing guidance on tuning stiffness and prestress to reliably elicit the designer's
desired behaviour. It supports the development of a broader framework for large-deformation testing
in general and characterisation of composite structures that is typically beyond the scope of traditional
off-the-shelf mechanical testing machines.

Investigation of Mechanical and tribological properties of Epoxy reinforced
with short carbon fibres and ZTA ceramic particles.

Mahmoud, Mostafa (g202214960@kfupm.edu.sa), Department of Mechanical Engineering King Fahd
University of Petroleum and Minerals Dhahran 31261, Saudi Arabia, Saudi Arabia
Gasem, Zuhair (zuhair@kfupm.edu.sa), Department of Mechanical Engineering 2 Interdisciplinary
Research Center for Advanced Materials King Fahd University of Petroleum and Minerals Dhahran
31261, Saudi Arabia, Saudi Arabia
Merah, Nesar (nesar@kfupm.edu.sa), Department of Mechanical Engineering 2 Interdisciplinary
Research Center for Advanced Materials King Fahd University of Petroleum and Minerals Dhahran
31261, Saudi Arabia, Saudi Arabia

Drilling operations in the oil and gas industry are conducted under some of the harshest service condi-
tions, where casing and drill pipes and tool joints (DP-TJ) materials are exposed to severe mechanical
wear, corrosive environments, and extreme temperatures. The increasing demand for deeper wells and
directional drilling has intensified casing failures, primarily caused by the continuous wear imposed by
drill pipes and tool joints. These operational challenges highlight the necessity for advanced materials
with superior wear resistance to preserve structural integrity and sustain drilling efficiency. One way to
improve the wear resistance of the casing pipe and its service life is to develop a hybrid epoxy-based
composite lining with improved wear resistance and a lower friction coefficient. This research work
aims to develop a hybrid epoxy composite lining with improved wear resistance. The epoxy matrix
is reinforced with wear-resistant ceramic fillers, zirconia-toughened alumina, along with the addition
of friction-reducing fillers such as short carbon fiber. ZTA particles enhance the wear resistance due
to their exceptional hardness and thermal stability, while short carbon fibers may enhance the lining's
wear-resistant behavior via possible improvement in thermal dissipation and friction reduction. Hybrid
composites synthesized using different combinations of fiber (10, 15, 20 wt%) and ZTA at 10 wt%
are being investigated under dry conditions employing wear rate tests. The wear mechanism will be
examined using analysis of the wear track microstructure and wear debris using a scanning electron
microscope. Figure 1 shows the Shore D hardness for neat epoxy, and it is a composite. Keywords:
Epoxy-based composites lining, short fiber, ceramic reinforcements, hardness, wear rate, friction coef-
ficient.

Comparison of Wear Behaviour of Two Epoxy Composite Casing Linings

Merah, Nesar (nesar@kfupm.edu.sa), King Fahd University of Petroleum and Minerals, Saudi Arabia
Bawagnih, Ahmad (g202308850@kfupm.edu.sa), King Fahd University of Petroleum and Minerals,
Saudi Arabia
Al-Badour, Fadi (tbadour@kfupm.edu.sa), King Fahd University of Petroleum and Minerals, Saudi
Arabia
Shaarawi, Amjad (amjad.shaarawi@aramco.com), Saudi Aramco, Saudi Arabia
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In oil and gas well drilling, wear between the casing material and the hardened drill pipe tool joint
(DP-TJ) is an inevitable issue that can, in severe regimes, result in deformed or even collapsed casings.
The present study compares the wear behaviour of two epoxy based composites (A B) to be used as
lining for steel or GFRP casings in oil and gas well drilling. Both linings are composed of a short-glass-
fibre (SFG) reinforced epoxy matrix. The primary fillers of composite A included silicon carbide (SiC),
aluminium oxide (Al203), and calcium carbonate (CaCO3), resulting in an average shore D hardness
of 83.8. Composite B was modified by hard micro-spherical ceramic fillers (zirconia and fly ash). The
fly-ash consists predominantly of SiO, AlO, and alumino-silicate phases. The average shore D hardness
of composite B was 87.8. Wear tests performed, under dry conditions, using real casings and DP-TJ
revealed that the wear behaviour of both materials was highly dependent on the applied side load and
rotational speed of DP-TJ. The results showed that, under low to moderate speed (65-115 RPM) and
side load (500 N), the average specific wear rate (K) for both composites was below 3.0x 10 MPa-1.
However, under high wear conditions, K of composite A showed a drastic increase to above 50x 10
MPa-1 at 700 N and 154 rpm while that of composite B remained below 13x 10 MPa. Microscopic
analyses of worn surfaces revealed that at 65 RPM, adhesive wear is the predominant mechanism
under all side loads. As the rotational speed increases a combination of abrasive and adhesive wear
mechanisms with some matrix cracking are observed. High side loads resulted in excessive adhesive
wear and delamination for composite A while the presence of zironia and flyash improved composite
wear. Flyash particles enhanced wear resistance by filling cracks and surface voids. Keywords: casing
wear, epoxy based com-posite linings, short-glass-fiber, zirconia, flyash

Technological aspects of manufacturing metallic coatings using the ,,cold

spray’ method on a FRP epoxy composite substrate with a pre-impregnated
interlayer

Golewski, Przemystaw (p.golewski@pollub.edu.pl), Lublin University of Technology, Poland

Coatings applied to fibre-reinforced polymer matrix composites play an important role in giving the
surface functional properties such as protection against impact, scratching and high temperatures, or
enabling electrical conductivity or acting as a shield against electromagnetic interference. In these
studies, one of the modern, advanced coating application methods, known as ,.cold spray”’, was used.
It is mainly applied to metal parts, and its use on polymers is a major challenge due to the high speed
of the metal powder and the need to heat the gas. This makes it impossible to deposit metal directly
onto the FRP surface due to erosion and substrate softness. Therefore, the study presented several
different pre-impregnated interlayers that allow metal to be deposited using the ,cold spray” method
or even to build thicker coatings. Pre-impregnated interlayers are a separate, original product that is
added to the composite during its curing in an autoclave or vacuum infusion. It is flexible and can be
used on curved surfaces. The study presents both technological issues and the results of laboratory
tests of FRP composites with ,cold spray” metal coatings. Metal powders such as aluminium, nickel,
copper, zinc and tin were used for spraying, to which alumina was also added for technological reasons.
Adhesion, tensile and flexural tests have shown that pre-impregnated interlayers can be used in practice
as a material enabling the application of metal using the ,cold spray” method.

Sustainable Hybrid Epoxy Composites Reinforced with Hemp and
Interknitted Carbon—Kevlar Fabrics

Kumar, Vishnu Vijay (vishnu.v@nyu.edu), New York University of Abu Dhabi, United Arab Emirates
Shahin, Khaled (khaled.shahin@nyu.edu), New York University of Abu Dhabi, United Arab Emirates
Mavinkere, Rangappa Sanjay (mavinkere.r.s@op.kmutnb.ac.th), King Mongkut’s University of
Technology North Bangkok, Thailand
Palaniappan, Sathish Kumar (SATHISHIITKGPOgmail.com), King Mongkut’s University of
Technology North Bangkok, THAILAND
Singh, Manoj Kumar (MANOJSINGHIITMANDI@gmail.com), King Mongkut's University of
Technology North Bangkok, THAILAND
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Siengchin, Suchart (SUCHART.S@tggs.kmutnb.ac.th), King Mongkut's University of Technology
North Bangkok, THAILAND

The growing demand for sustainable high-performance composites has driven the development of hybrid
systems that integrate natural and synthetic reinforcements. This study focuses on the fabrication and
systematic characterization of hemp fiber—reinforced epoxy hybrid laminates incorporating interknit-
ted carbon—Kevlar fabrics to assess the impact of stacking sequence on mechanical, interlaminar, and
viscoelastic properties. The laminates were produced by hand lay-up and curing, with various configu-
rations of carbon—Kevlar (C/K) and hemp (H) layers, including fully synthetic, hybrid, and fully hemp
systems. Tensile testing indicated that the fully Carbon—Kevlar laminate exhibited the highest strength
(295 MPa) and modulus (3.85 GPa), whereas hybrid laminates such as C/K-H-C/K-H maintained
moderate tensile strength (153 MPa) with enhanced strain tolerance compared to hemp-only laminates
(50 MPa). Flexural testing underscored the critical influence of stacking sequence, with sandwich-type
configurations (C/K-—H-H—-C/K) achieving high maximum flexural stress (477 MPa) and load-bearing
capacity, surpassing several symmetric designs. Interlaminar shear strength (ILSS) results demonstrated
that alternating hybrids (C/K—H-C/K-H) achieved high maximum loads (69 N) and ILSS values (793
MPa), comparable to fully synthetic laminates, indicating effective interfacial stress transfer. Dynamic
mechanical analysis and Cole—Cole plots revealed that incorporating hemp increased damping and vis-
coelastic heterogeneity, particularly in alternating hybrid configurations, which correlated with enhanced
damage tolerance observed in flexural and ILSS tests. Scanning electron microscopy (SEM) of fractured
surfaces corroborated the experimental findings by revealing fiber pull-out, matrix cracking, and inter-
facial failure mechanisms consistent with the observed macroscopic behavior. The findings highlight
Carbon—Kevlar and hemp hybrid composite with the optimal stacking sequences, effectively balancing
mechanical performance, energy dissipation, and sustainability.

Dynamic crushing failure mechanism and energy absorption of natural
bamboos under impact load

Liu, Kai (liuk@swjtu.edu.cn), Southwest Jiaotong University, China
Jing, Lin (), Southwest Jiaotong University, China

The axial crushing behavior of natural bamboos with various growth ages under quasi-static and impact
loads was experimentally investigated in this study. First, the macro- and micro- structural features of
bamboo were observed, and the tensile mechanical properties of bamboo materials were measured. And
then the typical crushing responses and deformation/failure patterns of dynamically-loaded bamboos
were presented, compared with those under quasi-static load. Whereafter, the strain field distribution
and energy absorption characteristics of bamboo culms were analyzed, and the crashworthiness of
tested bamboo culms under impact load was evaluated. Finally, the energy absorption capacity of
bamboo culms was compared with typical metallic circular tubes (made of Q235 steel and AA6061-
T6 aluminum alloy) and other widely-used engineering materials/structures. The results indicate that
the brittle fracture is the dominant failure mode of bamboo culms, which includes the splitting mode
for internodal specimens and the bulging mode for nodal specimens. The nodal bamboo culms have
a superior energy absorption capacity and crashworthiness compared to internodal bamboo culms,
attributed to the dense distribution of vascular bundles and high anti-split strength of bamboo nodes.

Influence of manufacturing parameters on the selected properties of carbon
fiber composite laminates

Biruk-Urban, Katarzyna (k.biruk-urban@pollub.pl), Lublin University of Technology, Poland
Bienias, Jarostaw (j.bienias@pollub.pl), Lublin University of Technology, Poland
Jakubczak, Patryk (p.jakubczak@pollub.pl), Lublin University of Technology, Poland
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Carbon fiber composite laminates are extensively used in high-performance engineering applications
due to their exceptional strength-to-weight ratio and mechanical performance. The quality and struc-
tural integrity of these laminates strongly depend on the manufacturing process. This study examines
the influence of selected process parameters, specifically process pressure (0-0.5 MPa) and laminate
thickness (1-8 mm), on the structural integrity of carbon fiber composite laminates. Samples were
fabricated under controlled laboratory conditions to ensure reproducibility. Their structural integrity
was assessed using non-destructive testing (NDT) methods, including visual inspection and ultrasonic
evaluation, as well as X-ray computed tomography (CT), enabling detailed analysis of internal defects
and porosity distribution. The results highlight the importance of optimizing manufacturing parame-
ters to achieve high-quality carbon fiber composite laminates and provide valuable guidance for their
industrial application.

Repair process and performance evaluation of functional honeycomb
structure

Yao, Xuefeng (yxf@mail.tsinghua.edu.cn), Tsinghua University, China
Song, Yifan (2567547991@qq.com), Tsinghua University, China

The mechanical property and wave-absorbing property of the functional honeycomb structure (FHS) will
decrease after being damaged to a certain extent, but the traditional composite repair process can not
satisfy the recovery requirements of wave-absorbing property. In this paper, the foaming adhesive film
with wave-absorbing property is innovatively introduced into the repair process of FHS, and the material
parameters and repair process parameters are optimized to improve the recovery rate of wave-absorbing
property of the repaired structure, which is finally verified by experimental and numerical simulation
results. The results show that the mechanical property of the FHS can be effectively restored, while
the reflection loss and effective wave-absorbing bandwidth can be restored to the level of the intact
structure, and the wave-absorbing performance in some frequency bands exceeds that of the intact
structure, thus providing references for the repair process of the functional composite structure.

Reducing Computational Costs for the Simulation of Large Composite
Structures: A Laminate-Based Elasto-Plastic Approach

Rolffs, Christian (c.rolffs@isd.uni-hannover.de), Institute for Structural Analysis, Germany
Scheffler, Sven (s.scheffler@isd.uni-hannover.de), Institute for Structural Analysis, Germany
Rolfes, Raimund (r.rolfes@isd.uni-hannover.de), Institute for Structural Analysis, Germany

The non-linear simulation of large fibre-reinforced polymer (FRP) structures remains a major challenge,
as detailed ply-based modelling leads to excessive numerical effort. As a result, nonlinear effects are often
only investigated in detailed analyses — for example, by simulating specific details using submodelling
or as part of multiscale methods — while structural analyses of large components are usually limited to
linear-elastic material descriptions due to the enormous computational effort involved. This contribution
focuses on the development of a novel material model specifically aimed at the efficient representation
of non-linear laminate behaviour in large FRP structures. Instead of modelling individual plies, the
proposed approach homogenises the non-linear response at the laminate level. The material behaviour
is formulated using an orthotropic invariant-based plasticity model combined with a non-associated
flow rule, enabling the description of characteristic non-linear effects while maintaining computational
efficiency. A secondary aspect of the model development is to keep the experimental characterisation
effort based on the unidirectional layer. All laminate material parameters are derived exclusively from
unidirectional (UD) coupon tests. Through a homogenisation procedure, both linear and non-linear
laminate properties are obtained without the need for laminate-specific testing. The material model is
implemented as a user-defined subroutine in ABAQUS/Explicit. In order to demonstrate the robustness
and applicability of the model for larger FRP structures, validation is carried out systematically on
three levels. This contribution presents the results of the first two stages, in which simulations are
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compared with experimental data from UD and multilayer coupons as well as with investigations on
open-hole and filled-hole specimens. These comparisons show that the developed model is capable of
accurately reproducing the nonlinear laminate response and local effects of load redistribution. The
third step towards complete validation is still pending: this involves numerically simulating a full-scale
crash test of a glider that has already been carried out experimentally. Successful comparison between
this large-scale experimental crash data and the simulation will provide conclusive proof of the model's
suitability for analysing complex FRP structures under real crash conditions.

Diluents-modified epoxy composites

Rudawska, Anna (a.rudawska®@pollub.pl), Lublin University of Technology, Poland

The objective of this study was to compare the mechanical properties of epoxy composites modified with
diluents. The study investigated epoxy composites made from three epoxy resins based on bisphenol
A, a polyamide curing agent, and four types of diluents: toluene, xylene, acetone, and white spirit.
The epoxy composites were subjected to a static tensile test (in compliance with ISO 527-1) and a
compression test (in compliance with ISO 604). Obtained results demonstrate that the addition of
diluents to epoxy compositions affects their mechanical properties. Depending on the diluent used,
its content and the selected epoxy resin, it is possible to produce epoxy composites with the desired
mechanical properties.

Laminated bamboo — concrete composite slab with combined notch and
screw connections

Loo Chin Moy, Charles (charles.lcm@outlook.com), Xi'an Jiaotong-Liverpool University, China

Bamboo is seen as a terrific material for many uses, including structures, as it promotes sustainability by
reducing reliance on virgin materials. In an effort to leverage abundant indigenous bamboo resources and
align with sustainable development principles, this paper introduces bamboo-concrete panels with three
distinct connection methods. This study contrasts experimental data with theoretical values of screw-
connected bamboo-concrete composite slab panels. The maximum bending capacity of screw-connected
panels exceeds that of notch-screw-connected panels by 4% to 12%, and is 3 to 4.2 times that of
notch-connected panels, indicating superior performance. Furthermore, the study reveals that bamboo-
concrete composite structures with the highest load capacity primarily experience tensile fractures in
bamboo fibers at the bottom of the slab and concrete rupture beneath the loading point. It is noteworthy
that the bending capacity of bamboo-concrete composite panels diminishes with an increase in the
thickness of the bamboo panels.

Failure scenario of a hybrid composite-metal structure joined by induction
and resistance welding under restricted bearing loading

Garcia, Juan Manuel (juan manuel.garciaQonera.fr), DMAS, ONERA, Université Paris-Saclay,
Chatillon F-92320, France, France
Masson, Dorian (dorian.masson@onera.fr), DMAS, ONERA, Université Paris-Saclay, Chatillon
F-92320, France, France
Huchette, Cédric (cedric.huchette@onera.fr), DMAS, ONERA, Université Paris-Saclay, Chatillon
F-92320, France, France
Irisarri, Francois-Xavier (francois-xavier.irisarriQonera.fr), DMAS, ONERA, Université Paris-Saclay,
Chatillon F-92320, France, France
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This work investigates the failure scenario of a hybrid composite/metallic structure assembled using
induction and resistance welding, based on extensively instrumented bearing tests. Thermoplastic
composite materials have attracted growing interest in the aerospace industry due to their specific me-
chanical properties, weldability, and potential recyclability. Their integration into complex aeronautical
substructures requires the development of novel joining techniques such as induction and resistance
welding. When applied to load-transfer interfaces, these techniques are likely to significantly influence
the failure mechanisms of composite structures. Understanding damage mechanisms in large-scale struc-
tures under quasi-static loading requires dedicated testing procedures and extensive instrumentation,
which remain scarcely documented in the literature. Experimental campaigns involving complex loading
conditions and heavy instrumentation in large, intricate, and costly aeronautical structures therefore
demand rigorous test preparation, which is rarely addressed in detail in existing studies. The demon-
strator investigated in this study is a composite structure designed to connect hydrogen tanks to the
fuselage of next-generation aircraft. It is designed and manufactured through a collaboration between
DLR, NLR and Airbus within the framework of the FASTER-H2 project under Clean Aviation (project
number 101101978). DLR manufactures the composite components and performs resistance welding,
whereas NLR performs induction welding. The demonstrator consists of an assembly of carbon-fibre-
reinforced thermoplastic components and Z-shaped aluminium alloy parts, joined by adhesive bonding,
bolted connections, and composite welding techniques (induction and resistance welding). The device
is a safety mechanism conceived to exhibit controlled bearing failure during crash events. One of the
key features of this design is a novel pin assembly that favours the progression of bearing failure within
the interface between two composite parts of the demonstrator. The objective of this study is to
characterise the failure scenario of the demonstrator in a configuration where bearing propagation is
limited. Mechanical tests are performed at Jéricho, ONERA's mechanical testing platform dedicated to
structural experiments, under quasi-static displacement-controlled loading. To investigate the role of
composite welds in the failure scenario, the original pin assembly conceived by DLR is replaced by two
simplified alternative configurations. The first uses a modified pin device, while the second combines
the modified pin device with the addition of washers. In practice, these configurations limit bearing
damage propagation and promote catastrophic failure of the demonstrator. The tests are instrumented
using six optical cameras for stereo digital image correlation. Camera positioning is defined through a
preliminary study combining numerical simulations and 3D modelling using Blender. The experimental
setup enables a detailed characterisation of the demonstrator failure scenario. The test preparation and
instrumentation allow the failure scenarios of both specimens to be analysed. For the configuration
with the modified pin device, although bearing is observed, several damage mechanisms develop away
from the pin, including adhesive joint debonding, partial failure of bolted connections, and delamina-
tion in welded regions. For the configuration combining the modified pin device with washers, bearing
propagation is arrested, leading to catastrophic failure of the demonstrator and damage mechanisms
similar to those observed in the first configuration.

Thermo-Mechanical and Electrical Properties of Glass Fiber Reinforced
Acrylic Elium/Graphene Composite Laminates

Mengue, Laurenza (laurenza.mengue®@univ-lorraine.fr), Laboratoire d’Etudes des Microstructures et
de la Mécanique des Matériaux (LEM3), CNRS, Arts et Métiers Paris Tech, Université de Lorraine,
57000 Metz, France
Matadi-Boumbimba, Rodrigue (rodrigue.matadi-boumbimba®@univ-lorraine.fr), aLaboratoire d'Etudes
des Microstructures et de la Mécanique des Matériaux (LEM3), CNRS, Arts et Métiers Paris Tech,
Université de Lorraine, 57000 Metz, France
Benelfellah, Abdelkibir (abdelkibir.benelfellah@ipsa.fr), bLaboratory of mechanics Gabriel Lamé (EA
7494) INSA-CVL, Ecole d'ingénieurs aéronautique et spatiale Paris — IPSA, 94200 IVRY-SUR-SEINE,
France
Chupin, Lucie (lucie.chupin@carbon-waters.com), cCarbon Water, 33607 PESSAC, France

Glass fiber reinforced thermoplastic composite structures based on Elium acrylic resin modified with

graphene nanoplatelets were developed to enhance mechanical performance while providing multifunc-
tional properties. In this study, composite laminates were manufactured using liquid thermoplastic
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Elium resin incorporating different graphene contents and reinforced with glass fibers. The microstruc-
ture of the composites was investigated using scanning electron microscopy (SEM), revealing good fiber
impregnation and satisfactory graphene dispersion within the polymer matrix at optimized concentra-
tions. Mechanical behavior was evaluated through tensile and impact tests to characterize the structural
response of the laminates under both static and dynamic loading conditions. The results show that
graphene incorporation improves composite stiffness and mechanical strength, while also enhancing
tensile performance. Thermal analyses performed using DMA, TGA, and DSC demonstrate improved
thermomechanical stability and restricted polymer chain mobility in graphene-modified composites. Fur-
thermore, electrical conductivity measurements reveal the formation of conductive pathways within the
material, confirming the multifunctional potential of these composites. The combined improvements
in mechanical, thermal, and electrical properties highlight the suitability of graphene-modified Elium-
based composite structures for lightweight and high-performance engineering applications where both
structural integrity and functional performance are required.

Ribbing Without Tooling: Printing Thermoplastic Ribs on Thermoset Skins
via Printable Interphases

Taubert, Matthias (matthias.taubert@unibw.de), University of the Bundeswehr Munich, Germany
Welker, Richard (RichardWelker@bundeswehr.org), The Bundeswehr Research Institute for Materials,
Fuels and Lubricants, Germany
Musil, Bruno (bruno.musil@unibw.de), University of the Bundeswehr Munich, Germany
Héfer, Philipp (philipp.hoefer@unibw.de), University of the Bundeswehr Munich, Germany

Lightweight composite panels rely on local ribbing to increase bending stiffness and buckling resistance.
However, conventional thermoset manufacturing necessitates complex tooling and imposes strict geo-
metric constraints, such as demolding draft angles, which severely limit shape freedom. Direct material
extrusion of molten thermoplastics onto cured epoxies could eliminate these constraints, but this ap-
proach is fundamentally hindered by chemical incompatibility, low surface energy, and limited chain
interdiffusion at the interface. To overcome this barrier, this research investigates the concept of a
printable interphase: a co-cured thermoplastic film designed to render the thermoset surface weldable.
The study examines how the thermal activation required to achieve sufficient polymer mobility for
welding competes against the thermal degradation limits of the underlying epoxy matrix. To isolate
these mechanisms, both high-temperature and low-temperature interphase systems were evaluated on
an epoxy prepreg baseline. Single-lap-shear testing and thermal analysis demonstrated that joint per-
formance is strictly governed by a coupled thermal process window. If the thermal input is too low,
interfacial mobility remains inadequate, preventing the formation of a stable weld. Conversely, exces-
sive thermal dwell times degrade the near-surface thermoset matrix or destabilize the interphase. When
processed within the defined limits, the printed multi-material joints successfully match or exceed the
baseline shear strength of the reference thermoset skin. To demonstrate the value of this approach,
a helicopter door demonstrator from the LIGHT project was used as an application context. This es-
tablishes a novel process chain for carbon fiber reinforced polymer parts, where a thermoplastic film
is integrated globally or locally into the thermoset layup. After consolidation, the component surface
becomes directly printable, decoupling feature formation from thermoset flow limitations and removing
the need for dedicated multi-part molds. By eliminating demolding draft angles entirely, direct printing
allows for structurally optimized, draft-free ribbing. For a specific load-introduction subcomponent,
this draft-free design reduced the estimated component mass by approximately 30%. Analytical models
confirm that this geometric freedom yields cross-sectional mass savings of 5-22% for typical draft angles
of 1-5°, with the benefit accumulating further in three-dimensional rib networks. Ultimately, printable
interphases introduce a new architectural degree of freedom for load-aligned, multifunctional composite
structures — with direct relevance to certification-compatible manufacturing routes where preformed
thermoplastic inserts can substitute direct printing where throughput or process stability demands it.
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Analysis of single and doubly curved Kevlar epoxy composite shell

structures of various curvatures subjected to high velocity impact at
elevated temperature

Vignesh, Sivanantham (vigneshsivanantham399@gmail.com), SASTRA Deemed University, India
Sreehari, Veloorillom Madhavan (sreehari_vm@mech.sastra.edu), SASTRA Deemed University, India

Curved composite shells are widely employed in defense and aerospace applications due to their lightweight
and good mechanical performance. In this research, the single curved Kevlar epoxy composite shell
(SCKECS) and doubly curved Kevlar epoxy composite shell (DCKECS) structures of four distinct cen-
tral curvature heights of 2.5, 5, 7.5 and 10 mm were fabricated using the vacuum-assisted resin transfer
method. The curved composite shell structures were impacted with a spherical projectile using single-
stage gas gun at various impact energies at ambient and elevated temperature of 393 K, followed by
surface indentation measurements and ultrasonic testing. At ambient temperature, geometric stiffness
was predominant: dent diameters decreased as curvature height increased, thereby confirming en-
hanced impact resistance with increased curvature. The DCKECS structure exhibited biaxial resistance
and shown almost uniform delamination pattern, in contrast to the unidirectional hoop effects seen in
the SCKECS structure, which exhibited increased delamination along the transversely constrained edges
due to shear concentration. The rubbery state of epoxy at 393 K drastically changed the delamination
trend for the SCKECS structure, resulting in the complete disappearance of transverse damage, but
interlaminar damage in the DCKECS increased due to biaxial stress distribution. The sample impacted
under 48 J at 393 K resulted in projectile rebound through rubbery matrix energy dissipation and free
fiber sliding. This findings points out the curvature and temperature interactions on the high velocity
impact characteristics of SCKECS and DCKECS structures, which will help designers to create durable
high-impact structures for real-world situations.

Microwave-Selective Curing of Outer Continuous Reinforcement Shell for
Bent GFRP rebars

Park, Yeong-Ju (chi54@kitech.re.kr), Korea Institute of Industrial Technology, South Korea
Kim, Tae-Yoo (kty0715@onyxrnd.com), Onyx Co. Ltd., South Korea
Kim, Kwang-Seok (ore21@kitech.re.kr), Korea Institute of Industrial Technology, South Korea

Glass fiber reinforced polymer (GFRP) rebars are increasingly adopted to reduce steel corrosion in
reinforced concrete; however, bent portions remain mechanically vulnerable due to stress concentration
and residual deformation. Conventional oven or furnace curing limits the implementation of designable
stiffness-gradient structures. We propose a bent-GFRP rebar architecture featuring an outer continuous
reinforcement shell selectively formed on the tensile-side surface of the bent region. A thin shell
composed of a thermoset resin containing chopped carbon fiber as a microwave susceptor at 0.2 - 2.0
wt.%, is applied by coating, followed by localized microwave irradiation. Multilayer shells with graded
susceptor content and degree of cure are employed to realize a functionally graded core-shell structure,
in which the outer layer attains higher stiffness while the inner layer retains relative toughness; surface
protrusions can be introduced to preserve mechanical interlock with concrete. Local microwave curing
is conducted at 2.45 GHz under an input power of 300 to 1500 W with closed-loop temperature control
maintained at 120 to 180 °C, which increased the outer-shell glass transition temperature by 5 to 20
°C and improved the local elastic modulus by around 10%, resulting in an enhancement of at least
15% in overall bending stiffness of the bent portion compared with uniformly cured GFRP rebars.
These results demonstrate that microwave-driven selective shell reinforcement provides a scalable route
to mechanically robust bent GFRP rebars, overcoming a critical hurdle to full steel replacement by
enabling steel-like performance in bent regions and thus expediting the broader deployment of GFRP
rebars in building and civil infrastructure.
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Advanced Methods for Thermal Buckling Analysis of Higher-Order
Composite Laminates

Qaderi, Saeedeh (saeideh.ghaderi@unibo.it), Univeristy of Bologna, Italy
Fantuzzi, Nicholas (nicholas.fantuzzi@unibo.it), University of Bologna, Italy

Recent developments in composite structures with enhanced mechanical performance have made it
possible to achieve an improved strength-to-weight ratio, which is particularly valuable in demanding
applications such as civil and aerospace engineering. Although higher-order theories provide an accurate
representation of these structures, their implementation is often complicated due to the large number
of involved variables. To simplify the formulation, internal constraints are imposed; however, these
constraints can introduce difficulties in numerical approaches like the finite element method (FEM),
often necessitating higher-order interpolation functions. Motivated by these challenges in finite element
modeling of constrained composite systems, this study investigates the thermal buckling response of
higher-order graphene platelet-reinforced composite (GPLRC) plates. Internal constraints within higher-
order plate theories are enforced using the Lagrange Multiplier Method (LMM) and the Penalty Method
(PM). These approaches eliminate the need for interpolating displacement fields with higher-order conti-
nuity requirements, allowing the use of standard C Lagrange shape functions. As a result, they facilitate
simpler formulations, maintain a well-defined weak form, ensure compatibility with conventional FEM
software, and avoid unnecessary complexity within classical finite element frameworks. The governing
equations for the GPLRC laminated plate are formulated based on the General Third-order Shear De-
formation Theory (GTSDT). The effective material properties of the laminate are evaluated using the
Halpin—Tsai model in combination with the rule of mixtures. Additionally, four distinct GPL distribution
patterns through the thickness are examined to assess their influence on the buckling behavior of the
laminate. A comprehensive comparison between LMM and PM is carried out by varying parameters such
as mesh density, GPL weight fraction, and geometric characteristics. The results confirm the accuracy
and efficiency of both constraint enforcement techniques in FEM-based thermal buckling analysis of
composite plates. Overall, this work establishes a reliable and efficient framework for analyzing complex
composite structures, supporting practical implementation in computational mechanics applications.

Machine Learning-Based Classification of UV-Induced Surface Degradation
in Carbon Fibre Composites Using Augmented SEM Datasets

Kachalia, Muhammad Arsalan (m.kachalia@herts.ac.uk), School of Physics, Engineering and
Computer Science, University of Hertfordshire, United Kingdom
Chrysanthou, Andreas (a.chrysanthou®@herts.ac.uk), School of Physics, Engineering and Computer
Science, University of Hertfordshire, United Kingdom
Liu, Yiding (y.liu@herts.ac.uk), School of Physics, Engineering and Computer Science, University of
Hertfordshire, United Kingdom
Duan, Wenbo (w.duan®@herts.ac.uk), School of Physics, Engineering and Computer Science,
University of Hertfordshire, United Kingdom

Carbon fibre reinforced polymer (CFRP) composites are increasingly employed in aerospace, automo-
tive, and civil infrastructure applications, where long-term exposure to ultraviolet (UV) radiation can
lead to progressive surface degradation and compromised structural performance. In this study, CFRP
samples were subjected to accelerated UV exposure under controlled laboratory conditions to investigate
the effects of prolonged irradiation on surface morphology and defect evolution. Both UV-exposed and
unexposed specimens were examined using high-pressure and low-pressure scanning electron microscopy
(SEM), enabling a comparative assessment of surface features and the acquisition of high-quality image
datasets. SEM analysis revealed clear evidence of UV-induced surface damage in exposed samples,
including fibre exposure, matrix cracking, void formation, and the presence of microparticles. Based on
these observations, the SEM image dataset was labelled and categorised into four defect classes: fibres,
matrix cracks, microparticles, and voids. To address the challenge of limited experimental data, an
initial dataset of 58 SEM images was expanded using extensive data augmentation strategies, generat-
ing datasets at 5%, 10x, and 20x scales. Transfer learning was employed to train a machine learning
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model for automated defect identification and classification. Model performance was evaluated across
all four dataset configurations. The baseline model trained on the original dataset achieved a validation
accuracy of 72.73%. With the introduction of data augmentation, performance improved significantly,
reaching 91.18% for the 5x dataset and further increasing to 98.71% for the 20x augmented dataset.
These results demonstrate a strong positive correlation between dataset diversity and classification
accuracy, which highlight the effectiveness of combining transfer learning with systematic data aug-
mentation for small, experimentally derived image datasets. Nonetheless, manual inspection of SEM
micrographs often suffers from variability in defect interpretation, limited reproducibility, and practical
constraints specifically when large image volumes are analysed. By automating defect classification, the
proposed machine learning-based framework minimises human bias while improving inspection accuracy,
enabling reliable early-stage damage detection and condition monitoring that support timely preventive
maintenance and extend the service life of CFRP structures operating under extreme environmental
conditions.
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Composite structures in civil engineering

Mechanical behaviour of BFRP- confined coal reject concrete columns
under eccentric compression

Zhao, Hongchao (zhaohongchao@xju.edu.cn), Xinjiang University, China
Yu, Baiyun (yubaiyun@xju.stu.edu.cn), Xinjiang University, China
Chen, Hui (chenhui@xju.edu.cn), Xinjiang Univeristy, China

This study examines the mechanical response of coal reject concrete composite columns confined with
basalt fiber-reinforced polymer (BFRP) under eccentric compression. A total of twelve cylindrical spec-
imens with a constant diameter of 150 mm and a height of 300 mm were fabricated and tested to
investigate the influence of eccentric values (i.e., 0 mm , 25 mm, 50 mm and 75 mm). Experimental
results revealed a notable reduction in ultimate load capacity with the increased eccentricity. The fail-
ure mechanism transitions from compressive-dominated failure under concentric loading to a combined
tensile-compressive mode under eccentric conditions. Moreover, BFRP confinement was found to mit-
igate the inherent brittleness of coal reject concrete, significantly improving ductility and deformation
compatibility. Moreover, larger eccentricities led to increased lateral deflection and uneven confinement
distribution, resulting in pronounced stress concentration within the compression zone of the core con-
crete. These findings offer practical insights for the structural use of coal reject concrete and inform
the design of composite members for underground mines where the eccentric compression situation is
a normal issue.

Structural Performance of a hybrid FRP bridge girder with wind turbine
blade type Vestas V-66 and non-conventional concrete

Rajchel, Mateusz (mrajchel@prz.edu.pl), Rzeszow University of Technology, Poland
Kulpa, Maciej (kulpa@prz.edu.pl), Rzeszow University of Technology, Poland
Siwowski, Tomasz (siwowski@prz.edu.pl), Rzeszow University of Technology, Poland

In the wind energy sector, about 2.5 million tons of composite materials are used, mainly placed in
wind turbine blades. The first generation of turbines is just ending its life after about 20 years of
operation and is successively replaced with modern turbines. By 2025, about 14 thousand blades
will be withdrawn from use, which corresponds to 40 - 60 thousand tons of composite materials.
Therefore, numerous research and development works are currently being carried out to develop various
methods of recycling decommissioned blades, including those enabling their reuse. Among the most
effective of these is product recycling, which involves minor and low-energy processing of materials to
create a new product—in this case, a hybrid girder made from a Vestas V-66 wind turbine blade and
unconventional concrete. A single Vestas V-66 wind turbine blade, from which the composite FRP
girder section is obtained, has a total length of approximately 30 m and a height of 1460 — 2750 mm
and is made of E-glass fibers and an epoxy resin matrix. Both the bridge deck and cross members
are made of unconventional concrete class C35/45, in which 5% by weight of the coarse aggregate
is replaced with crushed propeller chips with a fraction of up to 3 cm to increase recycling potential.
Before attempting to implement these girders in the construction of bridge spans (road bridges and
footbridges), experimental testing of a fully-fledged prototype hybrid girder was conducted to assess
the ultimate load-bearing capacity, fatigue life, and dynamic characteristics. The hybrid girder shown,
approximately 9 m long and 1.5 m wide, consists of a GFRP composite shell with a near-rectangular
cross-section, bonded to concrete using bolted connectors to ensure a permanent bond between the two
parts. The total height of the girder (girder and slab) is 70-145 cm, and the height of both crossbeams
is approximately 140 cm, measured from the bottom of the deck slab. The deck slab is connected to
the box beams using M-20 class 8.8 steel bolts, bolted to the top flange of the beam with two nuts
and a tightening torque of 300 Nm. It has a minimum thickness of 1.5 m. 21 cm and is made of
concrete reinforced with GFRP bars. The girders can withstand the live loads of the LM-1 model and
a pedestrian load of 5.0 kN/m? in accordance with the PN-EN 1991-2 standard. The paper presents
the results of experimental tests: static and dynamic of a hybrid girder made of a fragment of a Vestas
V-66 wind turbine blade and unconventional concrete. The hybrid girder was developed as part of
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the research and development project entitled: "WTBridge" — Hybrid girder made of recycled wind
turbine blades and unconventional concrete for the construction and modernization of bridge structures
equipped with fiber optic sensors for monitoring the structure, as part of the LIDER XllI competition
financed by the National Center for Research and Development (project no. 0031/L-13/2022).

A Conceptual Framework for Integrating Structural and Environmental
Factors in Composite Pavement Performance Assessment

Eriskin, Ekinhan (ekinhaneriskin@sdu.edu.tr), Siileyman Demirel University, Turkey
Terzi, Serdal (serdalterzi@sdu.edu.tr), Siileyman Demirel University, Turkey

Composite pavement systems behave through the combined action of multiple layers and are influ-
enced by environmental and loading conditions throughout their lifetime. Understanding this behavior
requires approaches that can incorporate diverse sources of information without relying solely on sim-
plified assumptions. This paper introduces a broad conceptual framework for examining how structural
configurations, climatic patterns, and traffic histories relate to pavement performance. The aim is to
establish the groundwork for future studies that may employ advanced analytical or data-driven tech-
niques. This preliminary formulation provides a general perspective on how different factors interact
within composite pavement systems and highlights the need for integrated approaches in performance
assessment.

Tensegrity-Based Design of Deployable Solar Roofs

Nazifi Charandabi, Rana (rnazificharandabi@unisa.it), University of Salerno, Italy
Carpentieri, Gerardo (gcarpentieri@unisa.it), University of Salerno, ltaly
Babilio, Enrico (enrico.babilio@unina.it), University of Naples ‘Federico II', Italy
Fantuzzi, Nicholas (nicholas.fantuzzi@gmail.com), University of Bologna, Italy
Spagnuolo, Giovanni (gspagnuolo@unisa.it), University of Salerno, Italy
Fraternali, Fernando (f.fraternali@unisa.it), University of Salerno, Italy
Amendola, Ada (adaamendolal@unisa.it), University of Salerno, Italy

This paper explores the mechanical response and energy-production potential of a novel deployable
tensegrity roof incorporating photovoltaic panels with autonomous sun-orientation capabilities. The
proposed system exhibits robust structural performance when subjected to wind and earthquake ex-
citations, while simultaneously increasing the efficiency of solar-energy capture. Originating from a
recently introduced architectural concept for stadium roofs, the solution is applicable to both newly
constructed and existing sports facilities. The investigation first focuses on the kinematic character-
istics and mechanical behavior of a single adaptive unit, which constitutes the basic component of
the roofing system. Owing to its flexible geometry, this unit can be combined to form multiple roof
layouts with varying architectural configurations. The methodology integrates analytical formulations
describing the deployment and motion of the module with numerical simulations aimed at evaluating
its dynamic response and load-bearing capacity. These analyses account for different levels of cable
prestressing, as well as the effects of wind and seismic actions. The results demonstrate that the pro-
posed tensegrity-based roof provides dependable resistance against environmental loads. In addition,
the ability to independently orient each module leads to a marked improvement in the overall efficiency
of solar-energy collection.

Analytical design proposal of steel timber composite beams

Bogdan, Teodora (teodora.bogdan@uni.lu), University of Luxembourg, Luxembourg
Syndikus, Lisa Anne (lisa.syndikus@uni.lu), University of Luxembourg, Luxembourg
Odenbreit, Christoph (christoph.odenbreit@uni.lu), University of Luxembourg, Luxembourg
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Achieving carbon neutrality in the construction sector requires the adoption of sustainable practices
and the use of renewable, recyclable, and reusable materials. Steel-timber composite (STC) structures
represent a promising solution by combining the strength and recyclability of steel with the sustainabil-
ity and versatility of timber. These systems offer advantages such as enhanced structural efficiency,
design flexibility, and aesthetic appeal, making them suitable for a wide range of applications from
low-rise to high-rise buildings and infrastructure projects. However, the design of STC flooring systems
remains insufficiently addressed, as no standards, codes, or technical guidelines currently exist for STC
beams with either laminated veneer lumber (LVL) or cross laminated timber (CLT) slabs. To bridge
this gap, ongoing research and the ECCS TC11/WG6 initiative aim to establish preliminary design con-
siderations based on analytical and experimental findings, focusing on short-term structural behavior
at ambient temperature and dry indoor conditions. This paper presents a comparative study of two
design approaches—the strain-limited desigh method and the -method for mechanically jointed timber
beams according to EN 1995-1-1 Annex B—of composite beams with timber slabs. The comparison is
supported by experimental data from STC beams with LVL and CLT panels, providing insights into the
accuracy and applicability of each method for future design guidelines.

Evaluation of Eurocode 4 model for slender Circular Concrete-Filled Steel
Columns

Hernandez-Figueirido, David (hernandd@uji.es), Universitat Jaume I, Spain
Piquer Vicent, Ana (ana.piquer@uji.es), Universitat Jaume I, Spain

This paper studies the behavior of slender circular concrete-filled tubular (CFT) columns under con-
centric axial load. A total of 939 experimental test, summarized from bibliography, have been analyzed
and their ultimate load has been compared with actual design code in Europe, Eurocode 4. The effect
of the slenderness, sectional aspect ratio (local buckling factor) and the strength of materials, has been
investigated to understand the behavior of axially load columns. In base of this study, the validation of
the current Eurocode 4 in applications with high strength materials and tubes with thin-walled sections
has been probed.

Preliminary Evaluation and Statistical Modelling of Hybrid Fiber-Reinforced
High-Performance Concrete

Dziomdziora, Paulina (paulina.dziomdziora@student.wat.edu.pl), Faculty of Civil Engineering and
Geodesy, Military University of Technology, Poland
Smarzewski, Piotr (piotr.smarzewski@wat.edu.pl), Faculty of Civil Engineering and Geodesy, Military
University of Technology, Poland

This study presents preliminary experimental and analytical investigations of high-performance concrete
(HPC) reinforced with hybrid fibers of different types and proportions. The aim is to identify fiber com-
binations that enhance both strength and ductility while maintaining good workability and compactness.
Eight HPC mixtures containing steel, polypropylene, and basalt fibers were prepared and tested at 28
days for compressive, splitting tensile, and flexural strength, modulus of elasticity, and ultrasonic pulse
velocity (UPV). Statistical correlation and regression analyses were used to describe interrelations be-
tween density, porosity, and mechanical properties. Preliminary results indicate significant synergistic
effects of hybrid fibers, leading to improved post-cracking behavior and fracture energy. The proposed
material models enable prediction of mechanical performance as a function of fiber composition and
microstructural parameters. These findings provide a quantitative basis for selecting four optimal fiber
configurations for subsequent structural-scale beam testing.
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Long-Term Mechanical and NDT Assessment of Hybrid-Fiber HPCC:
Balanced Flow, Strength, and Fracture Energy

Smarzewski, Piotr (piotr.smarzewski@wat.edu.pl), Faculty of Civil Engineering and Geodesy, Military
University of Technology, Poland
Btaszczyk, Krystian (krystian.blaszczyk@student.wat.edu.pl), Faculty of Civil Engineering and
Geodesy, Military University of Technology, Poland

Adding fibers is a widely adopted route to enhance the tensile response of concrete, yet fiber type
and hybridization can degrade workability and alter post-cracking mechanisms. This work evaluates
the influence of steel (ST50), polypropylene (PP40), basalt (B12), and glass (G18) fibers (alone and
in double-fiber hybrids) on the fresh behavior and structural response of HPCC. Eight mixes were
produced: four single-fiber and four hybrids at a total Vf = 3% with a 2:1 fiber ratio. Slump was
measured on fresh mixes. Hardened properties included compressive and splitting tensile strengths, and
three-point bending on notched prisms (span 600 mm; effective ligament hsp = 90 mm). Flexural
behavior was analyzed per EN 14651 (CMOD-controlled) to obtain fLOP, fR,1...4, feq,2, feq,3. The
work-of-fracture was integrated from load—deflection curves to compute GF. Basalt fibers produced
the strongest loss of flow, often eliminating spread. Steel + PP and steel + glass preserved flow.
Compressive strength spanned 61-98 MPa, with flowable steel-containing hybrids highest. Flexural
results exposed a robust ranking of hybrids: G184+ST50 > B12+ST50 > PP40+ST50 > B12+PP40.
The glass—steel hybrid achieved the top residual/equivalent strengths and GF 9.04 N/mm, indicating
a long, stable bridging zone; basalt-steel reached GF 6.61 N/mm; PP—steel remained ductile but with
lower sustained loads (GF 3.50 N/mm); basalt—PP was least effective (GF 2.42 N/mm). Single-fiber
concretes followed the same material logic (glass steel » PP > basalt). For serviceability-driven HPCC
(crack-width control, impact/fatigue), glass + steel is recommended at Vf = 3%. Basalt + steel
is viable with workability control. PP + steel is appropriate when ductility and compressive/splitting
strength are prioritized. The results provide design-level evidence that fiber synergy and length/modulus
complementarity govern residual capacity and fracture energy in HPCC.

Analysis of the Concrete Filled Steel Tubular Members Subjected to
Bearing Forces

Atutis, Mantas (mantas.atutis@ku.lt), Klaipéda University, Lithuania

Steel tubular members subjected to localized bearing forces and bending are vulnerable to local crush-
ing, sidewall instability, and premature loss of load-carrying capacity. These effects are particularly
pronounced in members affected by manufacturing-induced imperfections, such as residual stress and
welding defects. This study investigates strengthening strategies for steel tubular members while explic-
itly addressing the influence of fabrication technology on structural performance. The research program
is divided into two main groups of specimens. The first group consists of cold-formed square hollow sec-
tions, including empty sections and concrete-filled sections. The second group comprises robotic welded
box sections, including empty welded sections, welded sections with concrete infill. All welded box spec-
imens were manufactured using robotized welding process welding with solid wire, which ensures high
geometric accuracy, uniform weld quality, and repeatable thermal input. The robotic welding proce-
dure was specifically selected to minimize residual stress, eliminate common welding imperfections, and
reduce variability in material behaviour. As a result, the welded specimens provide a reliable basis for
isolating the structural effects of bearing forces, bending, and strengthening measures without distortion
from uncontrolled fabrication defects. The investigation combines analytical modelling, nonlinear finite
element analysis, and experimental testing. Finite element models incorporate bilinear steel behaviour
with strain hardening and nonlinear concrete compression, enabling the study of stress redistribution
and local instability under lateral compression. The experimental program includes lateral compression
tests to examine local crushing behaviour. Results demonstrate that empty cold-formed and welded box
sections are governed by early local sidewall deformation. Concrete infill significantly enhances stiffness
and resistance by stabilising the steel walls and delaying crushing. The study confirms that advanced
fabrication technology combined with composite action and mechanical strengthening provides a robust
strategy for improving the performance of steel tubular members subjected to localized bearing forces.
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Analysis Theory and Engineering Applications of Steel-Concrete Composite
Lattice Tower Structures for Large Wind Turbines

Wei, Shichao (20205064@stu.cqu.edu.cn), Chongqing university, China

Wang, Yuhang (wangyuhang@cqu.edu.cn), Chongqing University, China

Wen, Hao (20231601039@stu.cqu.edu.cn), Chongqing University , China

Peng, Yantong (qq13365348980163.com), Chongging University, China
Wu, Zhibo (zhiboowu@163.com), Chongqing University, China

Wind energy has become a cornerstone of China’s renewable energy strategy, aligning with the coun-
try's goals of building a resource-efficient and environmentally friendly society. Expanding wind power
capacity is crucial for enhancing energy production technologies and driving industrial innovation. To
improve wind energy capture and increase generation efficiency, it is essential to develop taller towers
with longer blades, particularly for low-wind-speed areas. However, traditional steel towers face chal-
lenges such as resonance risks due to the overlap of natural and operational frequencies, insufficient
lateral stiffness causing excessive top displacement and fatigue issues, and limited load-bearing capacity
leading to potential local instabilities. Recently, hybrid towers have emerged as a solution but still suffer
from safety redundancy, poor fatigue performance, and construction quality concerns. To address these
limitations, this study proposes a novel steel-concrete composite structure: the prestressed concrete
filled steel tubular lattice tower. This innovative design combines the high load-bearing capacity of
steel-concrete composites with environmental benefits, ease of transportation, and reduced land use.
Despite its advantages, there remains a lack of comprehensive research on the static performance of
individual components and key joints, such as transition segments and KK joints, under various loading
conditions. This study investigates the static behavior of these components and the overall structure
under compression, bending, shear, and torsion, examining failure modes and load-bearing capacity
variations. Based on the findings, design formulas and optimization methods are proposed for practi-
cal engineering applications, ultimately contributing to the development of a mature and reliable wind
tower system, while also providing valuable guidance for the application of composite structures in civil
engineering.

Finite element modeling of bridge columns made of concrete-filled FRP
tubes

Shakya, Sajan (sajan.shakya@uconn.edu), University of Connecticut, United States
Hain, Alexandra (alexandra.hain@uconn.edu), University of Connecticut, United States

Concrete-filled FRP tubes (CFFTs) with inclined fiber orientations exhibit pronounced nonlinear behav-
jor due to matrix cracking, fiber-matrix debonding, and shear deformation, making their finite element
(FE) analysis challenging. Additionally, many material models in the literature involve nonphysical
or experimentally unidentifiable parameters. This study employs LS-DYNA to analytically investigate
the lateral force—displacement response of bridge columns made with £55° filament-wound CFFTs.
Confined concrete was modeled using MAT 159, the FRP shell using MAT54 with Chang—Chang failure
criteria, and internal reinforcement using MAT24. Nonphysical and experimentally unidentifiable param-
eters were calibrated through metamodel-based parametric optimization in LS-OPT, using the global
force—displacement response as the comparison metric against experimental data from the literature. A
control reinforced concrete (RC) column was also analyzed for comparison. Simulation results showed
excellent agreement with experiments, with peak load discrepancies within 5%, and demonstrated that
CFFT columns outperform the control RC columns in lateral load resistance. This work presents one of
the first fully optimized and experimentally validated LS-DYNA modeling frameworks for inclined-fiber
CFFT bridge columns, providing a robust tool for future design, assessment, and reliability studies.
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An Analytical Solution for the Buckling of FG Sandwich Beams Based on
the Timoshenko Beam Theory Resting on an Orthotropic Pasternak
Foundation

Uzun, Biisra (buzun@uludag.edu.tr), Bursa Uludag University, Turkey
Ermis, Merve (mermis@klu.edu.tr), Kirklareli University, Turkey
Caglayan, Alim Berk (acaglayan@uludag.edu.tr), Bursa Uludag University, Turkey

This study aims to investigate the buckling behavior of a three-layered sandwich beam resting on an
orthotropic Pasternak elastic foundation within the framework of Timoshenko beam theory. In the
structural model being examined, the core layer of the beam is made of a homogeneous material.
In contrast, the upper and lower surface layers are composed of functionally graded materials whose
mechanical properties change continuously in the thickness direction according to a power-law distribu-
tion. This study presents, for the first time in the literature, the incorporation of orthotropic behavior
into the Pasternak foundation model for the buckling analysis of thick sandwich beams by integrating
the direction-dependent shear stiffness characteristics of the foundation into the governing formula-
tions. The equations governing the buckling of the thick sandwich beam are derived using the principle
of minimum total potential energy. By imposing simply supported boundary conditions, the govern-
ing equilibrium equations are transformed into an eigenvalue problem via Navier expansions, yielding
closed-form expressions for the buckling loads. A detailed parametric study is conducted to examine
the effects of the material gradation index, face-to-core thickness ratio, foundation stiffness param-
eters, foundation orthotropy, and beam slenderness on the buckling response. The results obtained
comprehensively reveal the effects of orthotropic foundation parameters, the material gradient index in
the surface layers, and the sandwich geometry on buckling resistance. This study provides a notable
contribution to the literature for buckling analyses of advanced composite structures considering soil
foundation-structure interaction. Acknowledgements: This study was supported by Bursa Uludag Uni-
versity Research Projects Coordination Office under the Grant Number FGA-2026-2816. The authors
thank to BUU BAP Unit for their supports.

Numerical Determination of the Transverse Shear Correction Factor in
BubbleDeck Slabs Using Cross-Sectional Averaging

Szymczak-Graczyk, Anna (anna.szymczak.graczyk@up.poznan.pl), Poznan University of Life Sciences,
Poland
Garbowski, Tomasz (tomasz.garbowski@up.poznan.pl), Poznan University of Life Sciences, Poland
Cornaggia, Aram (aram.cornaggia@unibg.it), University of Bergamo, Italy

Plates with periodically distributed spherical voids, commonly known as BubbleDeck slabs, are increas-
ingly used in building structures due to their reduced self-weight and efficient material utilization. How-
ever, the presence of voids leads to a highly non-uniform transverse shear stress distribution across the
slab thickness, making classical assumptions adopted in first-order shear deformation theories question-
able. In particular, the commonly used constant shear correction factor, derived for homogeneous and
solid cross-sections, may result in inaccurate predictions of shear stiffness and deflections. This paper
presents a numerical methodology for determining the transverse shear correction factor for BubbleDeck-
type slabs based on a detailed cross-sectional analysis. The approach relies on three-dimensional finite
element simulations of representative slab segments, from which actual shear stress distributions are
obtained. Multiple cross-sections are extracted at characteristic locations with respect to the void ge-
ometry, including sections passing through void centers, ligament regions, and solid concrete zones. For
each cross-section, the effective shear correction factor is evaluated using an energy-equivalence prin-
ciple between the three-dimensional stress state and the corresponding two-dimensional plate model.
The resulting shear correction factors exhibit significant spatial variability along the slab length and
thickness, reflecting the strong influence of void positioning and concrete ligaments. To enable practi-
cal application in plate and shell models, a homogenized shear correction factor is proposed, obtained
by weighted averaging of local values over a representative volume element. The study demonstrates
that the effective shear correction factor for BubbleDeck slabs deviates markedly from classical values
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and depends on void diameter, slab thickness, and void spacing. The proposed methodology provides
a rational and physically consistent way to incorporate the effect of voids into simplified plate mod-
els, improving the accuracy of global structural analyses without increasing computational cost. The
results may be directly used in numerical simulations of BubbleDeck slabs and similar voided concrete
plates, and they offer guidance for future developments in homogenized plate theories for non-standard
cross-sections.

Experimental Study on the Instability of FRP Pultruded Profile Curved
Beams Under Tunnel Large Deformation Connecting rod Failure Conditions

Fu, Yiming (2310479@tongji.edu.cn), Tongji University, China
Ding Wengqi (dingwq@tongji.edu.cn), Tongji University, China
Zhang Qingzhao (zqz07260163.com), Tongji University, China

In the construction of highway tunnels, steel is generally selected as the material for the initial support
arch frame. However, characteristics such as its heavy weight and susceptibility to corrosion have
become major obstacles affecting both the construction speed and service life of highway tunnels. |-
beams made of fiber-reinforced polymer (FRP) through the pultrusion process can effectively replace
steel in the initial support of highway tunnels. To investigate the instability characteristics of pultruded
profile curved beams under the failure of large deformation connecting rods in tunnels, this paper
conducted relevant experimental studies. The failure mode of out-of-plane instability in pultruded
sections was analyzed. A three-dimensional refined finite element model for out-of-plane instability
was established based on an orthotropic constitutive model. Additionally, formulas were proposed
to calculate the ultimate displacement and bearing capacity of pultruded profile sections under load-
induced out-of-plane instability. The results indicate that: (1) The out-of-plane instability failure mode
of pultruded profile curved beams follows an "S"-shaped pattern, with the failure occurring at the
connection between the flange plate and web plate at the arch foot. (2) The ultimate bearing capacity
for out-of-plane instability of pultruded profile sections gradually decreases as the span-to-height ratio
decreases. The failure mode shifts progressively from the mid-span to the connection between the flange
plate and web plate at the arch foot as the span-to-height ratio decreases. (3) In the initial support of
highway tunnels, the span-to-height ratio of each pultruded profile arch frame should not be less than 5
to ensure the out-of-plane stability of pultruded profile curved beams in cases of connecting rod failure.

Experimental Study on Axial Compression of Wind turbine Steel Tower
with Dimple Tolerances

Zhang, Fenjie (zhangtj8023@163.com), Chongqing university, China

Thin-walled circular steel turbines are widely used in the tapered steel towers of wind turbines. When
dimple tolerances are present, local instability can easily occur, leading to a reduction in the load-bearing
capacity of the tower. In this paper, axial compression loading tests were conducted on two specimens
to investigate the influence of dimple tolerances on the local stability of wind turbine steel towers. The
test results show that dimple tolerances have a significant impact on tower stability, and this impact
increases with the severity of the dimple tolerances. The failure mode primarily involves wrinkling that
originates at the dimple and extends circumferentially around the dimple edge. Eurocode predictions
for the axial capacity of dimple-damaged towers are conservative: the predicted value is 9.38 % lower
than the test result. Therefore, the effect of dimple tolerances on tower stability should be given serious
consideration in actual engineering applications.

Experimental Study on the Static Performance of Multiplanar Thin-Walled
Circular Concrete-Filled Steel Tubular KK Joints.

Cheng, Wanpeng (chengwanpeng@cqu.edu.cn), Chongging University, China
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In order to investigate the influence of concrete filling in the joint area on the mechanical performance
of KK-shaped spatial intersecting joints, this study designed two comparative specimens: a KK-shaped
intersecting joint specimen with concrete filling in the joint area and an empty steel tube KK-shaped
intersecting joint specimen. The test employed a loading method where the ends of the four branch
tubes were hinged, and an axial tensile force was applied to the ends of the main tube to obtain the
failure modes, bearing capacity, and load-displacement curves of the specimens. The experimental
results show that the empty steel tube specimen mainly exhibited plastic failure in the main tube area
near the compressed branch tube, while after concrete filling, the failure mode of the joint shifted to
punching shear failure of the main tube near the tensioned branch tube. This indicates that internal
concrete filling can effectively improve the mechanical performance of the joint. Finally, the test results
were compared with the calculation formula for the punching shear failure bearing capacity of empty
steel tube intersecting joints in current codes and existing research on KK-shaped concrete-filled steel
tube spatial intersecting joints. It was found that the bearing capacity calculation formulas proposed
by the codes and existing studies are relatively conservative.

Data-Driven Assessment of the Seismic Behavior of FRP-Strengthened
Steel Bridge Piers

Yang, Kanghua (ykh@zju.edu.cn), Zhejiang University, China
Xie, Xu (xiexu@zju.edu.cn), Zhejiang University, China

Local buckling of steel plates is one of the dominant failure modes of steel bridge piers under strong
seismic loading. However, simple and effective reinforcement techniques for steel bridge piers with
inadequate seismic performance remain limited. Owing to its high strength-to-weight ratio and ease of
installation, bonded fiber-reinforced polymer (FRP) reinforcement has emerged as a practical alterna-
tive to traditional welded or bolted steel plate strengthening. Accordingly, this study investigates the
seismic performance of FRP-reinforced rectangular steel bridge piers, aiming to support the develop-
ment and application of composite material strengthening technologies for steel bridge piers. Interface
bonding tests under combined normal and shear loading were first conducted to validate a finite ele-
ment model capable of predicting bond interface failure. Based on the validated model, the buckling
behavior of typical steel bridge piers was analyzed, and a channel-shaped FRP reinforcement scheme
was proposed. Reinforcement efficiency was then evaluated under varying structural parameters, includ-
ing width-to-thickness ratio, slenderness ratio, and axial compression ratio, enabling the identification
of appropriate reinforcement materials and design dimensions. Machine learning techniques were sub-
sequently employed to classify adhesive failure modes and to predict post-reinforcement performance
indicators through regression analysis. Based on the analytical results, a database comprising 160 clas-
sification samples and 105 regression samples was established, incorporating structural parameters and
reinforcement dimensions, and a predictive evaluation framework for the seismic performance of FRP-
reinforced steel bridge piers was developed. The results indicate that channel-shaped FRP plates with
vertically oriented fibers and flange lengths equal to one-third of the pier web length provide the most
effective reinforcement, achieving efficiency improvements ranging from 1.36% to 16.83%. Among the
trained machine learning models, XGBoost demonstrated the highest predictive accuracy. The classi-
fication model achieved an accuracy of 93.8% on the test set, while the regression models for bearing
capacity, ductility limit displacement, bearing capacity improvement ratio, and ductility improvement
ratio yielded R? and MAPE values of 0.975 and 0.86%, 0.974 and 3.48%, 0.941 and 9.92%, and 0.914
and 21.19%, respectively. All models exhibited stable performance under random sample validation.
Furthermore, SHAP analysis revealed that the width-to-thickness ratio and the axial tensile stiffness
ratio of the reinforcement material are the primary factors influencing bond interface failure, whereas
the slenderness ratio and reinforcement dimensions mainly govern reinforcement efficiency.

Development of a new FRP sandwich deck panel for bridge redecking

Kulpa, Maciej (kulpa@prz.edu.pl), Rzeszéw University of Technology, Poland
Siwowski, Tomasz (siwowski@prz.edu.pl), Rzeszéw University of Technology, Poland
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A new sandwich deck panel made of FRP composites was developed for upgrading the existing bridge
over the Narew River in Bronowo. The bridge features a 10-span layout with a total length of 140.10
m and a width of 5.20 m. Each span is simply supported, with spans of 12.0 and 15.0 m. The
spans consist of four rolled-steel girders cross-braced with C-sections. A timber deck was laid on a
steel grid. Due to the poor condition of the timber deck, the bridge's load capacity was limited to
5 tonnes. To increase this to 15 tonnes, the bridge is slated for modernisation, including replacing
the deteriorated timber deck with a durable new deck plate and strengthening the steel girders. To
avoid adding dead weight to the spans and limiting the range of girder strengthening, it was decided
to use a lightweight, durable FRP composite deck. The deck panels are designed to carry a single
vehicle weighing 16 tonnes. A numerical model of the panel created in the SOFiSTiK environment was
used for the design. Six characteristic panel laminates were isolated in the model and modelled using
finite shell elements in three-dimensional space. The strength analysis of the laminates was carried
out using the maximum stress criterion. Material parameters, material safety factors, and conversion
factors (including long-term effects) are taken from the CEN/TS 19101 standard. The deck panels
are made of a composite material based on polyester resin reinforced with glass fibres. The panels
measure 0.15 x 3.00 x 5.20 metres. They feature a sandwich structure, with outer laminates covering
a ribbed core of 42 kg/m* PUR foam. Two types of fabric were used for laminate reinforcement: a
bidirectional 0/90 fabric with an asymmetrical fibre arrangement and a weight of 1250 g/m?, and a
bidirectional fabric +45° with a symmetrical fibre arrangement and a weight of 800 g/m=. The core ribs
are laminates arranged perpendicular to each other. The panels were manufactured using the VARTM
vacuum infusion method. Along the bridge spans, the panels were attached to the steel girders with
special connectors, although these did not ensure proper cooperation between the panels and the girders.
To evaluate the deck's load-bearing capacity and rigidity, a strength test was conducted on the panel
prototype. In static tests, the deck panel was tested in a simply-supported setup with a span of 4.80 m,
subjected to both symmetrical and asymmetrical loads in the form of four patch loads simulating actual
vehicle wheels, with a maximum combined load of 4 x 310 = 1240 kN. During these static tests, the
panel displacements and the strains of selected composites were measured. Strains were recorded using
optical reflectometers equipped with DFOS fibre-optic technology. After static loading, the prototype
underwent dynamic testing using a modal hammer. Under static load, the panel behaved elastically up
to approximately 700 kN, after which local damage developed, indicated by "crackling" and a reduction
in panel stiffness. However, the panel was not compromised at the maximum load. The highest
strength of the composites, reaching 98% of the design material strength, was observed in the ribs.
The maximum deflection under the characteristic load was 1/465 L, and the natural vibration frequency
was measured at 14.4 Hz. These values confirmed the panel’s required load-bearing capacity, stiffness,
and dynamic properties. The research findings were also used to validate the panel’s numerical model,
which achieved a 93% correlation. Following the bridge modernisation, proof-load tests were carried
out on the bridge spans under both static and dynamic loads. During these tests, deflections of the
main girders and strains in the panel laminates were measured using fibre-optic sensors. The observed
deflections reached up to 84% of the design values, while the composite strains were approximately
91% of the design values. During the dynamic tests, two natural frequencies of the span structure were
identified: 2.6 Hz and 14.8 Hz. Despite the lightweight design, the deck panels showed no signs of
excitation during the dynamic tests. In summary, the design work and static and dynamic tests carried
out in the laboratory and on the bridge structure confirmed that the new type of FRP composite panel
can be used to modernise road bridges.

Axial and Eccentric Compressive Behavior of Stiffened Cruciform Steel
Concrete Composite Columns

Hassam, Muhammad (muhammadhassam670@gmail.com), Harbin Institute of Technology, China
Guo, Lanhui (guolanhui@hit.edu.cn), Harbin Institute of Technology, China

This study investigates the axial and eccentric compressive behavior of a stiffened cruciform steel
concrete composite column, which is easy to fabricate and assemble and can be used as a central
column in high rise buildings. The proposed member makes efficient use of the steel tube and infilled
concrete, while the angle stiffeners enhance confinement and delay local buckling, thereby improving
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strength and ductility. Fourteen specimens were tested under axial compression and twelve under
eccentric compression to examine the failure phenomena, mechanical performance, and failure modes.
The main parameters included stiffener spacing, stiffener size and arrangement, load eccentricity, loading
angle, and slenderness ratio. Test results showed that shear failure occurred in the stub specimens,
whereas the medium and long specimens primarily exhibited bending failure. The results indicate that
increasing the stiffener spacing, slenderness ratio, or load eccentricity, as well as reducing the stiffener
size, decreases the compressive capacity. The stiffener arrangement had a limited effect, while the
loading angle had a considerable influence on the compressive capacity. A finite element (FE) model
was developed in ABAQUS and validated against the test results, showing good agreement in predicting
both axial and eccentric responses. A comprehensive parametric study was then conducted to evaluate
the effects of the width to thickness ratio, stiffener spacing and thickness, steel and concrete strengths,
loading angle, and slenderness ratio. Based on the FE results and comparisons with existing design
codes, simplified design equations are proposed to predict the axial and eccentric compressive capacities
of stiffened cruciform composite columns. The proposed formulas can be used for practical design and
engineering applications.
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Composites in concrete-based structures
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Yu, Jing (ceyujing@hku.hk), The University of Hong Kong, China

High-performance fiber-reinforced cementitious composites (HPFRCC) enable thin, durable and lightweight
prefabricated panels, while their flexural response is controlled by the coupled effects of matrix tensile
behavior, reinforcement constitutive law and sectional form. This study synthesizes two complementary
experimental programs on one-way HPFRCC panels to clarify matrix-reinforcement interaction in solid
and hollow sections. Solid panels (40-mm thick) and prefabricated hollow panels (60-mm thick with
longitudinal voids) were fabricated using ultra-high-performance concrete (UHPC), ultra-high-strength
engineered cementitious composite (UHS-ECC) and lightweight ECC (LW-ECC), and reinforced with
steel bars, CFRP bars and steel-FRP composite (SFC) bars. A stiffness-equivalent reinforcement de-
sign was adopted to achieve comparable initial rigidity across reinforcement systems. All specimens
were tested under four-point bending. Full-field digital image correlation was used to quantify crack
initiation, crack spacing, strain localization and crack-width evolution. A sectional analysis for solid
panels and a calibrated nonlinear finite element model for hollow panels were employed to interpret
failure mechanisms and to extend the results through parametric studies. For UHPC, the reinforce-
ment system governed the strength-ductility balance. In solid UHPC panels, peak load increased from
16.96 kN with steel to 20.27 kN with CFRP (19%) and to 30.3 kN with SFC (79%). In hollow UHPC
panels, peak load increased from 42.5 kN with steel to 61.4 kN with CFRP (44.5%) and to 75.2 kN
with SFC (77.0%). CFRP increased capacity but led to more abrupt post-peak softening associated
with its linear-elastic behavior, whereas SFC bars mitigated brittleness and improved post-peak stabil-
ity through staged engagement of the steel core and the FRP component. Matrix selection primarily
governed cracking and serviceability. Digital image correlation showed crack localization in UHPC and
distributed multiple cracking in ECC matrices, resulting in slower crack-width growth and enhanced
deformation capacity. For example, steel-reinforced UHS-ECC and LW-ECC hollow panels reached
peak deflections of 34.2 mm and 44.3 mm, respectively, while retaining load-carrying capacity after
peak. The highest flexural toughness was obtained when ECC matrices were combined with SFC bars,
reflecting stable multiple cracking and sustained strain hardening in the tension zone. The numerical
models reproduced key response points with errors generally below 10%. Parametric analyses indicated
that reducing void diameter provided limited gains once a sufficient compression zone was maintained,
whereas increasing CFRP reinforcement ratio improved crack stabilization and deformation capacity
more effectively. The combined evidence provides practical guidance for lightweight modular slab and
panel systems, highlighting ECC matrices for crack control and SFC reinforcement for achieving high
flexural capacity with improved pseudo-ductility.
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In order to study the effects of pavement temperature change on the stress and fatigue of rib-to-deck
(RD) detail, the steel box girder of the Shuangliu Yangtze River Bridge with a main span of 1430 meters
was selected to carry out the investigation. After establishing a finite element model of the OSD with
epoxy asphalt (EA) concrete pavement, the OSD under different transverse wheel loads, as well as
different temperatures of the deck pavement was considered. The stress of RD details was obtained
and fatigue performance was evaluated. The research indicates that for the OSD structure with EA
pavement, each single axle in the fatigue vehicle can produce an obvious and individual stress peak in
the RD details, and the number of stress cycles generated by a passing truck is equal to the number
of truck axles. The stress of RD details directly below the wheel load is large, and these far away from
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the wheel load is significantly reduced, indicating significant stress local effects. The stress range on
the RD deck plate side is extremely sensitive to the change of pavement temperature, which increases
almost linearly with the increase of pavement temperature, and the increase being most significant
directly below the wheel load. The stress range at 60°C can reach more than three times that of 0°C,
while stress range on the RD rib side also increases with the increase of pavement temperature, but it
is far less significant than the deck plate side, and its stress level is lower than that on the deck plate
side. For the integrated design of the OSD with EA pavement in this bridge, even if the pavement
temperature reaches 60°C, the estimated stress range at RD details is lower than the fatigue cut-off
stress range of the details, so the OSD in this bridge has sufficient fatigue resistance.

Influence of Component Ratio Variation on Mechanical Performance of
Epoxy Anchoring Composites

Szabelski, Jakub (j.szabelski@pollub.pl), Lublin University of Technology, Poland
Jonak, Jozef (jjonak@pollub.pl), Lublin University of Technology, Poland
Karpiriski, Robert (r.karpinski@pollub.pl), Lublin University of Technology, Poland

Chemical anchors based on two-component epoxy systems are widely employed for structural fastening
in composite and concrete assemblies, yet the relationship between resin—hardener ratio and mechanical
performance remains insufficiently quantified. This study investigates how controlled modifications to
the mixing ratios of components A (epoxy resin) and B (amine hardener) influence key material strength
properties relevant to anchoring applications. A series of epoxy formulations were prepared with system-
atic variation in stoichiometric balance, followed by curing under standardized conditions. Mechanical
characterization - tensile, compression, and material hardness -was performed to evaluate performance
trends and identify deviation thresholds from optimal curing chemistry. Complementary analysis by
scanning electron microscopy (SEM) provided insight into crosslink density and microstructural fail-
ure mechanisms. Results reveal a pronounced sensitivity of strength properties to component ratio,
with both resin-rich and hardener-rich compositions exhibiting premature brittle failure and suboptimal
interfacial adhesion. The findings underline the importance of stoichiometric control for reliability in
composite anchoring systems and offer a foundation for predictive modelling of epoxy-based compos-
ite interfaces. This work bridges practical anchor design with composite materials science by linking
molecular-level formulation effects to macroscale mechanical behaviour.

Influence of Perforation Distribution in Internal CFRP Tubes on the
Compressive Strength and Deformability of Concrete Elements

Ostrowski, Krzysztof Adam (krzysztof.ostrowski.1@pk.edu.pl), Cracow University of Technology,
Poland
Sikora, Oliwia (oliwia.sikora@doktorant.pk.edu.pl), Cracow University of Technology, Poland

Fiber Reinforced Polymer (FRP) profiles starting to be an alternative or additive to conventional steel
reinforcement in concrete-composite elements. Internal CFRP tubes provide excellent protection against
corrosion and enhance structural durability. However, the performance of these elements is frequently
limited by the smooth surface of the composite, which prevents an adequate bond with the concrete.
To address this issue, this research investigates the effect of incorporating diverse perforation patterns
into the CFRP tube walls. The study aims to determine how layout of these openings influence the
mechanical response and the bond efficiency of the reinforced members. This study examines the
impact of different perforation arrangements on the compressive strength and deformability of concrete
elements. The research compares several distinct layouts to determine how the positioning of the
openings affects the stress transfer between the concrete and the composite tube. All specimens were
prepared using self-compacting concrete (SCC) and internal CFRP tubes with varying wall thicknesses.
The experimental program focused on evaluating the load-bearing capacity and strain characteristics to
identify the most effective arrangement of perforations for structural stability. The spatial arrangement
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of the perforations is a key parameter affecting the mechanical behavior of the reinforced element.
In this study, patterns featuring diagonal and symmetrical arrangements were compared, maintaining
identical geometry of individual openings across all specimens to isolate the effect of their distribution.
The analysis focused on how these specific layouts influence the compressive strength, the level of
cooperation between the composite tube and the concrete core, and the resulting deformability of the
element. The results indicate that the layout of the openings significantly alters the stress distribution,
where certain arrangements provide more uniform interaction while others lead to localized effects.
These findings provide a basis for optimizing the distribution of perforations to maximize the efficiency
of internal CFRP reinforcement.
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Composites in innovative applications

A Machine-Learning Framework for Non-Destructive Defect Identification
in Composite Materials

Almpantaki, Pinelopi (pa9432w@gre.ac.uk), University of Greenwich, United Kingdom

Composite materials are widely used for marine applications due to their high strength-to-weight ratio
and corrosion resistance. However, their use is often constrained by microstructural defects, crack
formation and the lack of automated non-destructive inspection processes in the industry. This work
introduces a novel framework derived from recent advances in data-driven image mechanics (D2IM)
(Soar et al., 2024) by combining machine learning, optical microscopy, X-ray computed tomography
(XCT) and mechanical testing for automated identification and classification of defects in composites.
Optical microscopy and XCT are used to capture two- and three-dimensional image data, enabling
the identification of microstructural defects such as porosity and crack formation across multiple scales.
These datasets are then used to train convolutional neural networks (CNNs) for image classification, with
the aim of correlating microstructural characteristics with material quality indicators. Our preliminary
results confirm the potential of defect detection and classification from two-dimensional image datasets
achieved using the machine learning model. The proposed workflow for data acquisition, reconstruction,
post-processing and model training will be presented along with early observations on defect morphology.
Future work will focus on validation through mechanical testing and the use of XCT, with the objective
to develop a robust, non-destructive quality inspection tool for industrial use.

Application of honeycomb-based composites in the support structures used
in offshore renewable energy infrastructure

Ganilova, Olga (olga.ganilova@strath.ac.uk), University of Strathclyde, United Kingdom
Espinoza, Ashlee (ashlee.espinoza@strath.ac.uk), University of Strathclyde, United Kingdom
Brennan, Feargal (feargal brennan@strath.ac.uk), University of Strathclyde, United Kingdom

The development of offshore renewable energy infrastructure has been developing fast progressing from
on-shore to off-shore large-scale structures. The evolution of offshore energy harvesting has resulted in
a multitude of designs for submerged or partially submerged systems. Most of these energy systems are
either support structures for offshore wind and tidal turbines or critical infrastructure. These submerged
large-scale structures must be certified to be reliable for a long lifetime in the harsh oceanic environment.
In the case of a tidal stream turbine, a large-scale structure, for example MeyGen, of around 26m tall,
with a mass of over 190 tonnes, installed at a depth of 31m under the sea will be required to remain in
service for more than 25 years [1]. As the structure of the turbine itself is complex, involving nonlinear
interactions with the fluid as well as aquatic life, the materials to be used must satisfy a wide range of
requirements. In this work the authors are concentrating on investigation of the support structure of
the tidal stream turbine, focusing on an implementation of novel materials for this area, and prioritising
the sustainability and reliability of the material to be used. Due to their high strength-to-weight ratio
aluminium honeycomb panels have proved to be successful in a large number of applications in the
aerospace industry. At the same time it is hard to overestimate the importance of the development
of Thermoplastic Polyurethane (TPU) applications, due to its recyclability, non-toxicity and excellent
wear resistance. There have been a few studies in the open literature demonstrating very low levels
of properties degradation of TPU samples that are undergoing ageing during immersion in sea water
for long periods of time [2]. These studies demonstrate the feasibility of potential applications of TPU
materials in the seawater environment. Although there are results on aging of TPU samples in seawater,
to the best authors’ knowledge, there has been no research done on the wet, saltwater, erosion of TPU
samples used as a protective coating for aluminium honeycomb panels. Therefore, this work is dedicated
to the assessment of performance of composite sample composed of TPU coating and an aluminium
honeycomb panel. The experimental study involved wet erosion test of the sample in the saltwater
solution, performed for a number of impingement angles in order to address the fact that peak erosion
rate for ductile materials [3] and metals is different. Analysis of the samples is focused on the extent
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of wear in the TPU coating as well as on evaluation of any deformation or damage within the main
honeycomb panel due to the erosion process. For analysis of the honeycomb panel’'s performance an
assessment of the deformation within the honeycomb as well as water ingress and adhesive failures
were also undertaken. Therefore, the results represent new and novel insights into the feasibility of
the application of a composite material consisting of an aluminium panel and a TPU coating. This
work provides an essential stepping stone for the possible application of both honeycomb panels and
TPU materials in offshore renewable power structures subjected to harsh oceanic environment. The
study highlights the benefits and potential pitfalls of the implementation of these materials. The
authors would like to acknowledge the financial support for this work through CoTide Engineering and
Physical Sciences Research Council grant EP/X03903X/1. References: [1] MeyGen Project Description.
https://marine.gov.scot (accessed on 17/12/25). [2] P. Davies, G. Evrard. Accelerated ageing of
polyurethanes for marine applications. Polymer Degradation and Stability 92 (2007) 1455-1464. [3] N.
Zhang et al. Thickness effect on particle erosion resistance of thermoplastic polyurethane coating on
steel substrate. Wear 303 (2013) 49-55

Decoupling Mechanical Robustness and lonic Conductivity in Structural
Batteries via a Honeycomb-Cored Gel Polymer Electrolyte

Lee, Junho (leejunho@kaist.ac.kr), KAIST, Department of Mechanical Engineering, South Korea
Kim, Wonvin (wonvinlee@kaist.ac.kr), KAIST, KAIST InnoCORE PRISM-AI Center, South Korea
Lim, Suhyun (limsu@kaist.ac.kr), KAIST, Department of Mechanical Engineering, South Korea
Kim, Samuel (samu0309@kaist.ac.kr), KAIST, Department of Mechanical Engineering, South Korea
Lee, Haeun (haeunlee@kaist.ac.kr), KAIST, Department of Mechanical Engineering, South Korea
Park, Jongin (jonginpark@kaist.ac.kr), KAIST, Department of Mechanical Engineering, South Korea
Lee, Seondo (Isch852@kaist.ac.kr), KAIST, Graduate School of Semiconductor Technology, South
Korea
Kim, Seong Su (seongsukim@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced
Institute of Science and Technology, South Korea

With the accelerating electrification of automotive and aerospace systems, structural batteries that
simultaneously provide load-bearing capability and electrochemical energy storage have attracted sig-
nificant attention as next-generation multifunctional energy systems. Unlike internal combustion en-
gine—based power systems, lithium-ion batteries exhibit significantly lower gravimetric and volumetric
energy densities, making system-level weight reduction a critical challenge, particularly in mobility-driven
applications. In this context, structural batteries have emerged as a promising strategy to offset the
intrinsic energy density limitations of lithium-based energy storage by enabling energy-storing compo-
nents to directly contribute to load bearing, thereby improving overall system efficiency. Conventional
approaches to structural batteries have largely focused on integrating battery cells into external struc-
tural components, which inherently restricts the achievable energy density and limits multifunctionality
at the material level. To address this limitation, recent studies have explored gel polymer electrolytes
(GPEs), composed of polymer matrices swollen with conductive liquids, enabling individual battery
components to simultaneously fulfill mechanical and electrochemical roles. However, GPE-based struc-
tural batteries suffer from a fundamental trade-off; increasing the solid fraction of the polymer network
improves mechanical stiffness and dimensional stability but inevitably reduces ionic conductivity by re-
stricting ion transport pathways. This intrinsic compromise remains a major obstacle to the realization
of high-performance structural batteries. In this work, we propose a honeycomb-cored GPE as a struc-
tural—electrochemical decoupling strategy. In this design, the honeycomb structure bears the majority
of external mechanical loads, while the internal cavities are filled with a high-conductivity GPE, provid-
ing continuous ion transport pathways and effectively preventing electrolyte leakage. Honeycomb-cored
GPE enables the independent optimization of mechanical integrity and electrochemical performance
within a single electrolyte system. To validate this concept, honeycomb-cored batteries incorporating
either liquid electrolytes or GPEs were fabricated and systematically evaluated in terms of electrochemi-
cal and mechanical performance. Experimental results revealed that liquid-electrolyte-filled honeycomb
structures are susceptible to internal short circuits due to lithium metal deformation under compres-
sive loading. In contrast, the honeycomb-cored GPE effectively suppressed short-circuit behavior by
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mechanically constraining deformation while maintaining stable ionic conduction. Furthermore, the
honeycomb-cored GPE electrolyte exhibited superior mechanical properties alongside high ionic conduc-
tivity, demonstrating that structural stability and electrochemical performance can be simultaneously
achieved within a single electrolyte architecture. These findings validate the effectiveness of honey-
comb reinforcement as a design strategy for decoupling mechanical and electrochemical requirements
in structural batteries. This work provides a scalable and versatile framework for the development of
high-performance multifunctional energy storage systems, particularly for applications requiring both
mechanical load-bearing capability and reliable energy storage. Acknowledgements: This research was
supported by the Nano Material Technology Development Program through the National Research
Foundation of Korea (NRF) funded by Ministry of Science and ICT (No. RS-2024-00450477).

MXene-reduced graphene oxide composite carbon felt electrode for
enhanced performance in vanadium redox flow batteries

Singh, Gurpreet (gurpreetrathour01@gmail.com), Jeonbuk national university, South korea
Kaur, Amanpreet (amankhamano@gmail.com), Jeonbuk national university, South korea
Lim, Jun Woo (jull70@jbnu.ac.kr), Jeonbuk national university, South korea

Vanadium redox flow batteries (VRFBs) are attractive systems for large-scale energy storage due to
their high efficiency, safety, and long cycling stability. However, their practical application is limited by
slow redox kinetics at the electrode—electrolyte interface. In this work, MXene-reduced graphene oxide
(MXene-rGO) composites are used to modify carbon felt (CF) electrodes to enhance electrochemical
reaction rates. The MXene-rGO/CF electrodes are fabricated by a hydrothermal method at synthesis
temperatures of 130°C, 150°C, 170°C, and 180°C for 8 h, and their electrochemical performance is
systematically evaluated. Among the samples, the MXene-rGO/CF electrode prepared at 150°C shows
the best performance and cycling stability. At a current density of 100 mA/cm2, this electrode achieves
energy and voltage efficiencies of 85% and 86%, respectively, and maintains stable operation over 120
charge-discharge cycles. These results indicate that hydrothermal temperature strongly influences the
structure and performance of MXene-rGO/CF composites, providing an effective strategy for developing
durable, high-performance electrodes for VRFB applications.

Development of Advanced Electrodes for Enhanced Performance in
Vanadium Redox Flow Batteries

Kaur, Amanpreet (amankhamano@gmail.com), Jeonbuk National University, South Korea
Lim, Jun Woo (jull70@jbnu.ac.kr), Jeonbuk National University, South Korea

Vanadium redox flow batteries (VRFBs) are considered as one of the most promising component of
energy storage system due to their long cycle life, high safety, and unlimited scalability of power and
energy. However, their performance is strongly limited by sluggish redox kinetics and poor electro-
chemical activity of conventional carbon felt electrodes. In this study, a high-performance carbon felt
composite electrode is developed to enhance electrochemical activity and reaction kinetics in VRFB
systems. The composite electrode is fabricated by using borophene material into the carbon felt, which
results in high electrochemical activity, and reduced charge-transfer resistance. Comprehensive struc-
tural, physicochemical, and electrochemical characterizations confirm the formation of a borophene
material on the surface of the carbon fiber. As a result, the modified electrode exhibits significantly
enhanced vanadium redox reaction kinetics, leading to higher voltage efficiency, energy efficiency, and
rate capability as compared to bare carbon felt electrodes. VRFB charge/discharge test shows that
the composite electrode gives superior cycling stability and reduced polarization losses under practical
operating conditions. These results highlight the critical role of electrode structural engineering in over-
coming kinetic limitations and provide an effective pathway toward high-efficiency and durable VRFB
systems for grid-scale energy storage applications.
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High performance rice husk ash (RHA) and alkali-activated system on
reinforcement durability

Dulana Gajaba Kaluarachchi (spce@airowsolutions.co), AIROW Solutions/AIROW Holdings (Pvt)
Ltd, Sri Lanka
Vajira Attanayaka (vajira@airowsolutions.com), AIROW Solutions/AIROW Holdings (Pvt) Ltd, Sri
Lanka

Renewable material selection and product evaluations towards the rebar corrosion resistance mechanisms
have been readily progressing in the recent past for different applications. Rice husk ash (RHA) is such a
promising material that can be used and assured in corrosion-resistant properties and control corrosion
activities in different applications. In this research approach, focus was given to developing a new
corrosion-resistant board while controlling the manufacturing parameters with very little free carbon.
The conductive matrix resulting from this process is advancing the barrier formulations towards the rust
formations while contributing as a dense protective shield for different ratios of material combinations
of inorganic binders. Specified ratios have made it remarkable to control the heat flow with cement,
geopolymer, and alkali-activated systems. The results emphasize more impact of corrosion resistance
can be increased by controlling binder, RHA, and alkali-activated slag combination ratios. As RHA
is being utilized as a by-product of the agricultural industry for the new approach, the process lowers
greenhouse gas generation while securing the supportive principles of the circular economy.

Controlling biofouling growth on offshore steel structures using
graphene-modified cementitious coatings

Wang, Zhaohua (zhaohua.wang@polyu.edu.hk), The Hong Kong Polytechnic University, China
Zhao, Xiao-Lin (xiao-lin.zhao@polyu.edu.hk), The Hong Kong Polytechnic University, China
Huang, Yuner (yuner.huang@polyu.edu.hk), The Hong Kong Polytechnic University, China

Marine biofouling causes serious operational challenges and economic losses in offshore infrastructure.
This study develops a novel thin-layer graphene-modified cementitious composite coating (GCC) applied
on steel surfaces for controlling biofouling growth on offshore steel structures. Graphene nanoplatelets
(GNPs) were incorporated at 0, 0.1, 0.3, and 0.5 wt.% dosages to investigate their influence on coat-
ing microstructure and antibiofouling performance. Microstructural characteristics were systematically
examined using scanning electron microscopy (SEM), X-ray diffraction (XRD), and mercury intrusion
porosimetry (MIP), together with surface roughness measurements. A short-term (48 h) laboratory-
based bacterial adhesion and viability assay using Pseudomonas species was conducted via fluores-
cence staining to quantify early-stage biofilm formation. The results show that graphene incorporation
markedly improves biofouling resistance, with 0.3 wt. % graphene identified as the optimal level. At this
dosage, nearly 100% suppression of microbial coverage was achieved compared with the control sam-
ples. The enhanced antibiofouling performance is ascribed to the intrinsic antimicrobial properties of
graphene, acting through contact-active and physicochemical interactions at the cell-surface interface,
as well as to graphene-induced microstructural densification and surface homogenisation, which reduce
surface bioreceptivity and inhibit initial microbial attachment. This work provides a new strategy for
developing biocide-free and cost-effective antibiofouling coatings that contribute to improved long-term
durability and extended service life of marine steel structures.

Exploring interfacial fracture behaviour in composite structural
supercapacitors through combined experimental and modelling approaches

Sanchez, Maria (maria.sanchez@urjc.es), Rey Juan Carlos University, Spain
Ramos, Sergio (sramos@irec.cat), Catalonia Institute for Energy Research, Spain
Artigas, Joaquin (joaquin.artigas@urjc.es), Rey Juan Carlos University, Spain
Herraez, Miguel (), Technodigital School, Spain
Urefia, Alejandro (alejandro.urefia@urjc.es), Rey Juan Carlos University, Spain
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Structural supercapacitors (SSCs) represent a promising multifunctional solution for lightweight trans-
port systems, as they can simultaneously bear mechanical loads and store electrical energy. However,
their development is limited by the mechanical—electrochemical trade-off inherent to polymer elec-
trolytes and by the complex behavior of the electrode—electrolyte interface, which governs both charge
transport and fracture mechanisms. This work presents an experimental and numerical investigation
of the fracture response of SSCs based on two polymer matrices—an epoxy system (Matrix A) and an
epoxy modified with AlO nanoparticles and an ionic liquid (Matrix B)—combined with unidirectional
carbon fibers, either unmodified or coated with graphene nanoplatelets (GNP). Four different laminates
were manufactured using a VARIM process following a [0] stacking sequence. Single-edge-notched
beam (SENT) specimens were machined and tested under three-point bending inside a SEM to capture
in-situ crack initiation, propagation and microstructural failure mechanisms. All materials exhibited an
initial linear response followed by crack onset at the notch tip, with subsequent fiber-matrix debonding
and large-scale bridging phenomena. Matrix A laminates showed higher stiffness and fracture tough-
ness, whereas Matrix B systems displayed greater ductility but significantly reduced rigidity due to the
presence of the ionic liquid. The addition of GNP improved interfacial adhesion but also reduced the
apparent fracture toughness by limiting fiber bridging, which is a major contributor to energy dissipation
in unidirectional composites. Porosity strongly influenced failure behavior, particularly in Matrix A +
GNP laminates, where high resin viscosity hindered fiber impregnation and led to defect-driven crack de-
viation and local delamination. A micromechanical embedded-cell finite-element model was developed
in ABAQUS to replicate the fracture process zone. The model incorporates realistic fiber distributions,
cohesive elements to represent interfacial debonding, and homogenized material properties corrected
for porosity. Numerical predictions showed strong agreement with experimental load—displacement re-
sponses, stiffness values, and crack propagation patterns, confirming the suitability of this approach for
studying interface-dominated fracture in SSCs. This combined experimental-computational framework
provides new insights into the role of the interface, resin viscosity, porosity and reinforcement modifica-
tion on fracture mechanisms in SSCs. The results highlight the need for improved manufacturing control
and tailored interface engineering to balance mechanical integrity with electrochemical performance in
next-generation multifunctional composite energy-storage systems.

Improved Electrochemical Performance of Carbon Felt Electrodes via
Polyaniline-MXene Modification in Vanadium Redox Flow Batteries

Singh, Gurpreet (gurpreetrathour01@gmail.com), Jeonbuk National University, South Korea
Lim, Jun Woo (jul170@jbnu.ac.kr), Jeonbuk National University, South Korea

Low electrochemical activity and limited mass transport constrain the performance of electrodes in vana-
dium redox flow batteries (VRFBs). Here, carbon felt is modified with a polyaniline-MXene composite
layer to simultaneously enhance interfacial electron transfer and ion transport. The interconnected
structure formed by conductive MXene sheets and the polyaniline matrix provides efficient electron
pathways and improves electrolyte access within the porous electrode, reducing transport limitations
and increasing the utilization of active sites. Protonated nitrogen sites in polyaniline function as active
centers for the VO2+4/VO2+ redox reaction, while MXene surface terminations interact favorably with
vanadium species, stabilizing reaction intermediates without compromising reversibility. Full-cell elec-
trochemical impedance spectroscopy shows that the modified electrode exhibits a significantly lower
charge-transfer resistance (Rct = 0.45 cm?) than pristine carbon felt (Rct = 7.5 cm?). In full-cell
operation, the modified electrode achieves an energy efficiency of 84.5% at 100 mA cm?, which is
4.5% higher than that of the unmodified electrode, and maintains stable cycling over 150 cycles. These
results confirm that surface modification is an effective strategy for improving carbon felt electrodes in
VRFBs.
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Delamination, damage, fracture, failure and durability of composites

A computational model for progressive failure analysis of a fibre reinforced
polymer composite laminate

Koonamplakkal, Linda David (lindadavid.koonamplakkal©@adelaide.edu.au), Adelaide University,
Australia
Sheikh, Abdul Hamid (abdul.sheikh@adelaide.edu.au), Adelaide University, Australia
Mohamed Ali, Mohamed Sadakkathulla (mohamed.mohamedsadakkathulla@adelaide.edu.au),
Adelaide University, Australia
Nguyen, Giang (g.nguyen@adelaide.edu.au), Adelaide University, Australia
Smith, Scott T. (scott.smith@adelaide.edu.au), Adelaide University, Australia
Tafsirojjaman, T. (tafsirojjaman@adelaide.edu.au), Adelaide University, Australia

Fibre Reinforced Polymer (FRP) composite inherits the beneficial characteristics of its constituents
that offer exceptional material properties. Their superior strength/weight and stiffness/weight ratios
has led to widespread use in weight sensitive applications such as aerospace, automotive, marine, civil
engineering structures, wind turbine blades, sporting tools, and other high-performance components.
Despite their proven reliability, the behaviour of FRP composites is not yet well understood, which
limits the exploitation of their full potential. The anisotropic and heterogenous nature of the material
system gives rise to complex failure mechanisms at the ply level (intralaminar failure) as well as at
the interlaminar level (delamination failure) along with their coupling, making accurate modelling of
FRP laminated composites challenging. An attempt has been made to develop a computational model
capable of predicting the progressive failure of FRP composite laminates accurately with a good degree
of computational efficiency. To address the ply level failure, which is the focus of this study, a physically
based constitutive model in meso-scale is formulated to capture intralaminar failure mechanisms such as
fibre rupture, fibre kinking, matrix cracking, and fibre-matrix debonding. Unlike most existing models
in the literature, that consider only damage effects, the present study has accounted for both damage
and plasticity of the polymer matrix to provide a more realistic representation of the material behaviour.
The damage variables are used to represent stiffness degradation, while the plasticity is incorporated
to capture the permanent deformations. Three damage variables are defined to accommodate fibre
rupture or micro-buckling under longitudinal tension or compression, matrix cracking under transverse
stresses, and fibre-matrix debonding under longitudinal shear stresses. A smooth closed-form single
yield function with a non-associative flow rule is used for plasticity, which is implemented using an
implicit stress return algorithm. A higher order sub-laminate model is developed for implementing the
ply failure model within a finite element modelling framework for simulating the intralaminar failure
efficiently. The sub-lamination modelling scheme accommodates more than one physical layers of a
multi-layered laminate within a sub-laminate (a mathematical layer) to represent the whole laminate
with fewer mathematical layers stacked one over the other, which provides flexibility to balance between
accuracy and computational efficiency as desired. Modelling laminates using conventional plate/shell
elements offers a good degree of computational efficiency but are less accurate and have difficulty in
simulating delamination at any arbitrary planes as the nodal plane is restricted to the mid-plane or a
specific plane. Although three-dimensional solid elements can resolve the issue, the computational cost
becomes unaffordable due to the restriction imposed by the element size in the thickness direction on the
in-plane element size, resulting in a very large number of elements. The proposed sub-laminate model
has three reference/nodal planes, one at the mid-plane have three displacements and two rotations while
the other two planes at the two external surfaces, each have three displacements like a 3D element.
These provide a cubic variation of the two in-plane displacements and a quadratic variation of the
transverse displacement in the thickness direction, which are expressed analytically before the finite
element implementation for capturing in-plane variations of the displacements.

The effect of the interface on static and long-term mechanical properties at
high temperatures of CF/PEEK composites
Liu, Yang (y-122@mails.tsinghua.edu.cn), The Future Lab, Tsinghua University, Beijing 100084, P. R.

China; Department of Mechanical Engineering, Tsinghua University, Beijing 100084, P. R. China,
China
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Wang, Kaibao (kaibaowang@mail.tsinghua.edu.cn), The Future Lab, Tsinghua University, Beijing
100084, P. R. China; Department of Mechanical Engineering, Tsinghua University, Beijing 100084, P.
R. China, China
Le, Huirong (Lehr@mail.tsinghua.edu.cn), The Future Lab, Tsinghua University, Beijing 100084, P. R.
China; Department of Mechanical Engineering, Tsinghua University, Beijing 100084, P. R. China,
China

Compared with carbon fiber reinforced thermoset composites (CFRTS), carbon fiber reinforced ther-
moplastic composites (CFRTP) offer the advantages of high toughness, short manufacturing cycles,
recyclability, and low cost, making them widely used in the aerospace field. Due to the diverse load-
ing conditions and harsh service environments in aerospace applications, the mechanical response and
failure behavior of CFRTP under complex service conditions have attracted increasing attention from
researchers [1]. Among these complex conditions, high temperature is a critical factor. For example,
Xin et al. performed tensile tests at various temperatures (23230 °C) and strain rates (0.0001-0.01
s1) and developed a multiscale model to reveal the damage evolution mechanisms of CFRTP under
thermomechanical coupling [2]. The results indicate that below the glass transition temperature (Tg)
of the matrix, the strain rate significantly influences CFRTP performance, whereas above Tg, tem-
perature becomes the dominant factor, and the failure mode shifts from fiber fracture and interfacial
debonding to fiber warping and matrix plastic flow. Li et al. studied the effect of temperature on the
flexural creep behavior of carbon fiber-reinforced phenolic resin (CF/PF) composites [3]. Their find-
ings show that the degradation in creep performance at elevated temperatures is mainly attributed to
the increased viscoplastic strain. CFRTP is a heterogeneous material with different thermal expansion
coefficients between the fiber and matrix. As temperature increases, differential expansion between
the fiber and matrix leads to non-uniform deformation, inducing residual stresses at the interface and
increasing the risk of crack initiation. Therefore, the interface is a key factor influencing the mechanical
performance of CFRTP at high temperatures. Chang et al studied the effect of the interface on the
creep and creep rupture behavior of carbon fiber-reinforced polyamide (CF/PA) composites [4]. Three
types of fiber surface conditions were compared: untreated CF (UCF), electrochemically surface-treated
CF (ECF), and surface-treated epoxy-sized CF (SCF). The order of static mechanical properties from
highest to lowest was: ECF/PA>SCF/PA>UCF/PA. However, the order of creep rupture strength was
different: SCF/PA>ECF/PA>UCF/PA. Carbon fiber reinforced polyether ether ketone (CF/PEEK)
has become one of the most widely used high-performance CFRTPs, owing to the excellent long-term
high-temperature service characteristics and thermal stability of PEEK. However, research on the ef-
fect of the interface on the static and long-term mechanical properties of CF/PEEK composites at
high temperatures remains limited. Herein, T300 plain fabrics were subjected to de-sizing, plasma
oxidation, water-based poly (amic acid) ammonium salt (PAAs) montmorillonite (MMT) sizing, preim-
pregnation and compression molding to form the final CF/PEEK composites. Three sample groups,
including de-sized CF (DCF), PAAs-sized CF (PCF), and PAAs MMT-sized CF (PMCF), were pre-
pared. A series of characterization techniques were employed, including dynamic mechanical analysis
(DMA), high-temperature flexural tests, high-temperature short beam shear tests, short-term creep
and recovery tests, and creep rupture tests were conducted. Based on these test results, the effect
of the interface on the static and long-term mechanical properties of CF/PEEK composites at high
temperatures, along with the underlying mechanisms, is discussed. A finite element model was estab-
lished to simulate the creep rupture behavior of CF/PEEK composites with different interfaces at high
temperatures. Reference: [1] Zhu, Tianqi, et al. "Damage evolution model and failure mechanism of
continuous carbon fiber-reinforced thermoplastic resin matrix composite materials." Composites Science
and Technology 244 (2023): 110300. [2] **n, Yuhan, et al. "Thermo—mechanical coupling effects on
mechanical properties and damage evolution of continuous fiber-reinforced thermoplastic composites."
Composites Part B: Engineering (2025): 112788. [3] Li, Jikang, et al. "Temperature-dependent creep
damage mechanism and prediction model of fiber-reinforced phenolic resin composites." International
Journal of Mechanical Sciences 278 (2024): 109477. [4] CHANG, YEOUSHIN. "The effect of the
interphase/interface region on creep and creep rupture of thermoplastic composites(Ph. D. Thesis)."
(1992).

Low-velocity impact of hybrid sandwich structure with composite foam
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Rogala, Michat (m.rogala@pollub.pl), Lublin University of Technology, Poland

A combined numerical-experimental study was conducted to investigate the low-energy impact re-
sponse of lightweight sandwich structures featuring a composite aluminum-silicon carbide foam core
and fibre-reinforced composite skins adhesive to thin aluminum face sheets, extending the concept
of Fibre-Laminate Metal (FLM) configurations. The experimental research involved controlled low-
velocity impact (LVI) tests using instrumented impactors to quantify contact forces, absorbed energy,
indentation depth, and damage morphology. Complementary finite element simulations were developed
to capture progressive damage mechanisms within the foam core, delamination and matrix cracking
in the composite skins, as well as plastic deformation of the aluminum layers. The integration of
test data with model predictions enabled detailed validation of the numerical framework, supporting
a deeper understanding of failure initiation and evolution under impact loads. The findings provide a
basis for optimizing hybrid FLM-inspired sandwich structures for enhanced impact tolerance and energy
absorption.

Effect of graphene enhancement on the degradation of the
thermo-mechanical behaviour of bio-based flax-fibre reinforced composites
due to moisture and UV exposure - An experimental study

Kumar, Madhusudan Beeravalli Manju (madhusudan.kumar@port.ac.uk), Portsmouth Centre for
Advanced Material and Manufacturing (PCAMM ), School of Electrical and Mechanical Engineering,
University of Portsmouth, UK., United Kingdom
Giasin, Khaled (khaled.giasin@port.ac.uk), Portsmouth Centre for Advanced Material and
Manufacturing (PCAMM), School of Electrical and Mechanical Engineering, University of
Portsmouth, UK., United Kingdom
Dhakal, Hom Nathan (hom.dhakal@port.ac.uk), Portsmouth Centre for Advanced Material and
Manufacturing (PCAMM), School of Electrical and Mechanical Engineering, University of
Portsmouth, UK., United Kingdom
Barouni, Antigoni (antigoni.barouni@port.ac.uk), Portsmouth Centre for Advanced Material and
Manufacturing (PCAMM), School of Electrical and Mechanical Engineering, University of
Portsmouth, UK., United Kingdom

This study investigates the effects of incorporating graphene platelets on the mechanical and thermal
performance of flax fibre-reinforced bio-based composites. Micron-sized graphene platelets were in-
corporated in a bio-based matrix via shear mixing at various concentrations (0.5-3 wt.%), which was
then reinforced with woven flax 200 g/m2 in aerial density. Composite laminates were prepared us-
ing hand lay-up followed by compression moulding under optimised pressure of 5 bars. Additionally,
preheating and controlled degassing were employed to achieve uniform consolidation and optimised
performance of composites. In the dry condition state, mechanical testing showed that the addition
of graphene improved tensile strength, stiffness and modulus of elasticity, with optimum performance
of 80 MPa observed at 1-2 wt.% graphene. DSC testing demonstrated significantly enhanced glass
transition temperature (Tg) with the graphene addition in the dry baseline condition. Two sets of
samples were exposed to different weathering conditions: (i) water immersion at 40°C for 312 hours
and, (ii) UV exposure at wavelength of 0.89w/mm and 60°C for 360 hours. The mechanical testing
results of the wet and UV-exposed samples show improved durability and resistance to degradation
with increased graphene content, and scanning electron microscopy (SEM) revealed that micron-sized
graphene provides a refined and uniform fibre-matrix interface, leading to reduced micro void forma-
tion and enhanced structural stability among the composites. Keywords: Tensile, graphene, water
immersion, UV radiation, flax fibres, bio-based composites.

Application of an unsupervised deep learning approach for characterization
of delamination process in composite laminates

Rzeczkowski, Jakub (j.rzeczkowski@pollub.pl), Lublin University of Technology, Poland
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Samborski, Sylwester (s.samborski@pollub.pl), Lublin University of Technology, Poland
Loi, Gabriela (gabriela.loi@unica.it), University of Cagliari, Italy
Aymerich, Francesco (faymQ@unica.it), University of Cagliari, Italy

Delamination is one of the dominant and most critical damage mechanisms in composite laminates,
strongly influencing their stiffness, load-carrying capacity and failure progression. lts development is
governed by the interaction of multiple micro and meso-scale processes, including matrix cracking,
fiber—matrix interfacial debonding or delamination, which often evolve simultaneously during loading.
Reliable identification and characterization of these mechanisms remain challenging, particularly under
experimental conditions where damage processes overlap in space and time. In this context, acoustic
emission (AE) offers a sensitive means for capturing transient elastic waves generated by local damage
events - however, the interpretation of AE signals is hindered by their non-stationary, nonlinear and
heterogeneous nature. In this study, an unsupervised deep learning framework is applied for the char-
acterization of delamination processes in composite laminates using AE measurements acquired during
double cantilever beam test. The analysis is performed using a multi-stage data processing pipeline in
which conventional AE signal descriptors are first transformed into compact nonlinear latent representa-
tions by means of a stacked autoencoder. The learned representations are subsequently embedded into
a low-dimensional manifold using uniform manifold approximation and projection (UMAP) to preserve
neighborhood relationships within the data. Hierarchical density-based spatial clustering of applica-
tions with noise (HDBSCAN) is then employed to identify intrinsic groupings of AE events without
prior labeling or assumptions regarding the number of clusters. The proposed framework enables ef-
fective separation of large AE datasets into clusters exhibiting distinct signal characteristics. Obtained
outcomes indicate, that the identified clusters can be associated with matrix cracking, fiber—matrix
interfacial debonding with fiber pull-out and stable delamination propagation accompanied by frictional
sliding. The presented approach does not rely on empirical thresholds or labeled training datasets and
provides a systematic, fully data-driven framework for AE-based analysis of delamination process in
composite laminates.

Analysis of the influence of adhesive threads on the material and damage
behavior of FRP under quasi-static loading

Protz, Richard (richard.protz@tu-dresden.de), Institute of Lightweight Engineering and Polymer
Technology, TU Dresden, Germany
Diireth Christian (), Institute of Lightweight Engineering and Polymer Technology, TU Dresden,
Germany
Dobrindt-Tittmann, Karsten (), Institute of Lightweight Engineering and Polymer Technology, TU
Dresden, Germany
Gude, Maik (), Institute of Lightweight Engineering and Polymer Technology, TU Dresden, Germany

The manufacturing of composite structures from fiber-reinforced polymers (FRP) requires the provision
of semi-finished fiber products that meet not only application-specific requirements but also processing
requirements. To this end, semi-finished products supplied in roll form have become widely established
for this purpose. Such products in roll form, for example, textile fabrics, are commonly equipped with
adhesive threads to ensure adequate handling and processability. These adhesive threads are usually
made of temperature-resistant thermoplastics and remain in the material after FRP consolidation. As
a result, they constitute inherent microstructural features that may act as initial defects within the
composite and influence damage initiation and evolution under mechanical loading. However, the
effect of these adhesive threads on the local stress state and the overall load-bearing capacity of FRP
composites has not yet been sufficiently clarified. In particular, the influence of the geometry and spatial
arrangement of the adhesive threads on the formation of inter-fiber cracks remains poorly understood,
which currently limits efficient material utilization and design optimization. This contribution provides
an in-depth understanding of the microscopic structure of the adhesive fibers, their statistical distribution
in the FRP, and their influence on material behavior using experimental and numerical methods. Glass
fiber-reinforced epoxy resin composites with different adhesive fiber arrangements are characterized in
terms of damage behavior using quasi-static tensile tests and optical analysis methods. Accompanying
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finite element simulations using micromechanical modelling of the adhesive filaments and the actual
crack paths allow the critical fracture energies of the base material and the adhesive filaments to be
determined. Subsequent mesoscopic modelling of inter-fiber fracture formation will be used to determine
transfer functions depending on the defect properties, which will enable the microstructural findings to
be utilized in homogenized laminate layers. The findings serve as an important basis for engineering
practice in the design and dimensioning of textile-reinforced composite components.

Exploring the performance of 2D and 3D models of damage initiation and

progression processes on OHT and OHC strength testing of composite
laminates

Bittencourt, Frederico Furst (furst@usp.br), Universidade de S0 Paulo, Brazil
Cabral Jr, Euvaldo F. (euvaldojr@yahoo.com), Universidade de Sio Paulo, Brazil

This study evaluates the performance of simple three-dimensional models in describing the process
of damage initiation and progression in open-hole tension (OHT) and open-hole compression (OHC)
tests on composite laminates. The analyses carried out utilize Hashin's failure criteria for both classic
and continuum shell elements, as well as the basic Hashin/Puck-based failure criterion for a three-
dimensional stress state. OHT and OHC studies utilized three groups of laminates: quasi-isotropic (Ql)
[45/0/-45/90]2s, Soft [45/-45/0/45/-45/90/(45/-45)2]s, and Hard [0/45/0/90/0/-45/0/45/0/-45]s
from IM7/8552 carbon fiber-reinforced polymers (CFRP). The 2D vs 3D analyses, based on experimental
results, demonstrate that 3D elements are more suitable for analyzing open-hole strength, and 3D results
appear suitable for critical parts. Finally, small and large applied ramps demonstrate accurate strength
prediction, and this novel observation in the numerical results also reveals chaotic behavior.

Salinity-Induced Degradation of PMMA-Based Carbon Fiber Composite
Structures

Buitrago Uribe, Braian (brianes@dep.uminho.pt), University of Minho, Portugal
Mesquita, Simdo (pg54238@alunos.uminho.pt), University of Minho, Portugal
Antunes, Paulo (paulo.antunes@piep.pt), Centre for Innovation in Polymer Engineering (PIEP),
Portugal

Polymer matrix composites are widely used in the marine industry due to their excellent performance.
However, increasing environmental concerns have driven the development of alternative matrices to
conventional thermosetting systems, aiming to enable reuse and recycling without compromising ap-
plication performance. In this context, Elium(@®) 180 XO, a thermoplastic resin with a PMMA matrix
developed by Arkema, has emerged as a promising solution. Its main advantage lies in its recyclability,
while exhibiting mechanical and service properties comparable to those of thermosetting resins. In
addition to maintaining favorable performance, this resin offers the potential to reduce waste, as most
end-of-life boats are currently abandoned or sunk. Despite these advantages, prolonged exposure to
saline environments leads to resin degradation due to salt absorption, accelerating deterioration of the
polymer matrix and compromising the structural integrity of the composite. This work investigated the
influence of salinity on the degradation of structural composite laminates based on a PMMA matrix re-
inforced with carbon fibers, manufactured by the liquid resin infusion technique for nautical applications.
After infusion, the laminate was cured for 24 hours at room temperature and subsequently cut into two
equal parts. As recommended by the manufacturer, one part was post-cured in an oven at 80 °C for 2
hours, while the other was left without post-curing. Both plates were then machined into test specimens
for Short Beam Strength (SBS) testing and water absorption measurements. In parallel, non-reinforced
polymer resin immersed in the saline solution was analyzed by Differential Scanning Calorimetry (DSC),
Thermogravimetric Analysis (TGA), and Fourier Transform Infrared (FTIR) spectroscopy to evaluate
changes in material properties. Over a period of six months, specimens immersed in water at room
temperature were periodically characterized monthly to monitor property changes indicative of aging,
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in comparison with reference (non-immersed) samples. The results showed that, despite the saline
exposure being conducted at room temperature, the composite laminates exhibited apparent deterio-
ration, predominantly driven by polymer matrix degradation. This behavior was consistently observed
across the different characterization techniques employed. Ultraviolet spectrophotometry revealed a
reduction in visible-light transmittance exceeding 85% after the first three months of immersion, indi-
cating progressive structural changes in the polymer over time. Furthermore, variations in the carbonyl
and hydroxyl indices between the initial and exposed conditions evidenced matrix aging and/or hy-
drolysis after six months of saline exposure. From a mechanical perspective, although the post-cured
(PC) composite initially exhibited an interlaminar strength approximately 12% higher than that of the
room-temperature-cured (RT) composite, this difference decreased to 1.5% after four months of saline
immersion. At this stage, interlaminar strength losses of 21% and 12% were observed for the PC and
RT conditions, respectively. Additionally, viscoelastic properties such as storage modulus, loss mod-
ulus, and tan reflected the polymer's behavior before and after high-salinity aging, yielding results
consistent with the observed degradation of the composite material. These results suggest that, while
recyclable PMMA-based composites represent a promising alternative for sustainable marine structures,
their long-term performance under saline environments may limit their application without additional
protective or design strategies.

Tension-shear damage evolution of plain-woven SiC/SiC composites: 4D
in-situ X-ray CT characterisation

Chen, Chao (cclcc001@sjtu.edu.cn), Shanghai Jiao Tong University, China
Zhang, Daxu (daxu.zhang@sjtu.edu.cn), Shanghai Jiao Tong University, China
Du, Yonglong (yonglong dul994@outlook.com), Shanghai Jiao Tong University, China
Guo, Weiyu (guoweiyu@sjtu.edu.cn), Shanghai Jiao Tong University, China
Zhou, Haixu (zhou _haixu@sjtu.edu.cn), Shanghai Jiao Tong University, China
Qi, Haoxuan (howsure749@sjtu.edu.cn), Shanghai Jiao Tong University, China

Owing to their superior high-temperature performance, ceramic matrix composites (CMCs) offer excel-
lent potential for applications in the hot-end components of aerospace engines, nuclear energy systems,
and hypersonic vehicles. Under hostile service environments, CMCs are inevitably subjected to off-axis
loading, leading to complicated damage evolution and failure mechanisms. However, effective methods
for accurately identifying and quantitatively evaluating such damage in CMCs under successive load-
ing remain limited. In this study, an in-situ X-ray micro-computed tomography (-CT) tensile test was
conducted on the £45° plain-woven SiC/SiC composites, during which six successive damage states
were captured by high-resolution -CT. An attention U-Net-based deep learning image segmentation
approach was adopted, achieving precise damage identification. Successive deformation fields were ob-
tained through the digital volume correlation (DVC) technique. Finally, the damage evolution and failure
mechanisms were elucidated. The results show that the main damage mode is matrix cracking, with
micro and elongated transverse cracks predominating within the fibre tows and the adjacent inter-tow
matrix. At an early loading stage, a "transverse crack concentration region” formed, and its orientation
rotated clockwise with increasing load, eventually aligning with the fracture path ( 45°). The evolution
of the tensile strain field exhibited a similar phenomenon, with corresponding orientation rotation of
strain concentration bands with increasing loading; while the shear strain field of the in-plane woven
surface showed strain concentration bands adjacent to inter-tow voids, oriented at approximately -45°
at every loading level. As failure was approached, extensive damage developed, with the crack volume
fraction increasing by several times. The final fracture path exhibited a 45° orientation, characterised
by severe kink-band, tow splitting, interface debonding, fibre fracture, and fibre pull-out, demonstrating
the tension-shear coupled damage mechanisms.

Buckling and failure analysis of thermoplastic composite pipes under
thermomechanical loading: optimal design
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Uguzo, Sunny Okemini (s.uguzo.21@abdn.ac.uk), University of Aberdeen, United Kingdom
Menshykov, Oleksandr (o.menshykov@abdn.ac.uk), University of Aberdeen, United Kingdom
Menshykova, Marina (m.menshykova@abdn.ac.uk), University of Aberdeen, United Kingdom

Kashtalyan, Maria (m.kashtalyan@abdn.ac.uk), University of Aberdeen, United Kingdom

The increasing demand for lightweight, corrosion-resistant, and cost-effective pipeline systems in off-
shore oil and gas applications has accelerated the adoption of thermoplastic composite pipes (TCPs)
as alternatives to traditional metallic and thermoset-based pipes. TCPs offer significant advantages,
including high specific strength and stiffness, superior fatigue and corrosion resistance, spoolability, and
reduced installation and lifecycle costs. However, their structural behaviour under realistic offshore ser-
vice conditions remains insufficiently understood due to the anisotropic nature of composite laminates,
the temperature sensitivity of thermoplastic materials, and the complex interaction between mechan-
ical and thermal loads. In offshore environments, TCPs are subjected to combined internal pressure,
external hydrostatic pressure, bending moments, axial loads, and steep thermal gradients arising from
hot internal fluids and cold seawater, all of which can significantly influence failure mechanisms. This
study develops a high-fidelity 3D finite element modelling framework to investigate the buckling and
material failure behaviour of multilayered TCPs under combined thermomechanical loading. The model
incorporates temperature-dependent elastic properties for the composite laminate and thermoplastic
liners, through-thickness thermal gradients, and realistic boundary conditions representative of offshore
installation and operational scenarios. The TCP configuration analysed consists of AS4/PEEK unidirec-
tional carbon fibre-reinforced laminates bonded between inner and outer PEEK liners. Mechanical loads
including bending, axial compression, internal pressure, and external pressure are applied individually
and in combination to capture realistic service conditions. Structural instability and material damage
are evaluated using established failure criteria, with the Hashin failure criterion employed for compos-
ite plies and the von Mises criterion for the isotropic thermoplastic liners. The numerical framework
enables the identification of critical buckling loads, failure initiation loads, and dominant failure modes
across a wide range of thermal and mechanical loading conditions. Model predictions are validated
against available analytical solutions, experimental data, and previously published numerical results,
demonstrating good agreement and predictive reliability. A key contribution of this work is the inte-
grated assessment of buckling and material failure as interacting phenomena rather than isolated failure
modes. The results reveal that temperature-dependent stiffness degradation significantly alters stress
redistribution within the pipe, influencing the transition between global buckling, liner yielding, matrix
cracking, fibre failure, and delamination. Increasing thermal gradients are shown to shift failure from
elastic instability to material-dominated mechanisms, while variations in laminate winding angle and
stacking sequence strongly affect buckling resistance and failure progression. Failure mode maps are
developed to delineate regions in the load—temperature space where buckling or material failure governs
structural collapse. The findings provide new insights into the coupled effects of laminate architecture,
geometry, and temperature-dependent material behaviour on TCP performance. The proposed mod-
elling approach offers practical guidance for optimising TCP design to ensure controlled and predictable
failure under severe thermomechanical loading, thereby enhancing safety, reliability, and service life in
offshore oil and gas applications.

Durability testing of CFRP plates subjected to preload impact

Barca, Iga (iga.barca@wat.edu.pl), Military University of Technology, Poland
Roskowicz, Marek (marek.roskowicz@wat.edu.pl), Military University of Technology, Poland

The composite skin of modern (semi-monocoque) aircraft structures operates primarily under shear
conditions, and the equivalent of this type of stress on the skin can be found in hinged and sheared
plates. At the same time, the strength and functional properties of composite laminates used in aircraft
skin can change significantly as a result of dynamic loading of this type of layered material, even at
low impact energies — BVID (Barely Visible Impact Damage) loads. The aim of the research was to
determine the impact of a BVID-type impact on the fatigue life of plates made of CFRP material with
quasi-isotropic properties. Plates loaded under uniform shear conditions failed due to loss of stability
at a load of 33.5+1.2 kN. Prior to fatigue testing, the plates were preloaded dynamically on a drop
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hammer. Damage to the plates caused by preliminary dynamic loading was assessed using computed
tomography. The plates were struck at three different points: at the geometric center of the plate,
38 mm from the center of the plate in the direction of the force, and perpendicular to it. Durability
tests were performed by loading the plates in single-sided positive cycles in the range of 2-27 kN (the
maximum load value in the cycle was approximately 80% of the load destroying the plate) at a frequency
of 2 Hz. Since the variable loads caused the plate to lose stability, changes in plate deformation were
recorded using a DIC (Digital Image Correlation) system. During the tests, it was observed that the
damage introduced resulted in a reduction in fatigue life compared to undamaged plates. The greatest
decrease in durability was observed in plates that were initially impacted in the geometric center of the
plate and at the same time in the place where the greatest deformations occurred, which suggests that
even damage in composite plates that is invisible to the naked eye can be the seed of fatigue damage
to the plate laminate.

Scattering of elastic waves by defects in quasicrystal coating structure
[Invited lecture]

Ding, Shenghu (dshnx2019@nxu.edu.cn), Ningxia University, China

In key fields such as aerospace, transportation, and chemical engineering, stress concentration caused
by cracks is the main threat to structural failure, and detection technology based on elastic waves is the
core means of identifying and evaluating such damage. For quasicrystal materials with unique phonon-
phason field coupling characteristics, the scattering behavior of elastic waves by internal cracks directly
affects the propagation path and energy distribution of waves, which cannot be accurately described by
traditional homogeneous material theory. This study established a new crack tip field model that con-
siders microstructure effects and directly analyzes the singularity part in the integral kernel, effectively
handling high-order singularities at the crack tip and improving computational efficiency and accuracy.
By combining the complex analysis method, the problem of constructing complex Green functions in
traditional methods has been solved, and the boundary value problem under multiple crack interactions
or complex load conditions has been explored, significantly reducing computational complexity. The
study further proposed a dimensionality reduction calculation method based on the coupling of com-
plex variable functions and integral equations, constructed complex frequency domain analytical basis
functions, explicitly embedded the crack tip singularity and phason terms in the Helmholtz equation,
accurately described the longitudinal /transverse wave multi-mode scattering field, and provided high-
precision theoretical tools for composite material damage detection and acoustic emission inversion.

Prediction of Buckling-Driven Delamination Growth in Composites Under
Compressive Fatigue Loading

Subramaniyan Venkat, Swami (s.venkat@isd.uni-hannover.de), Institute of Structural Analysis,
Leibniz University Hannover, Germany
Anilkumar, P. M. (), Institute of Structural Analysis, Leibniz University Hannover, Germany
Scheffler, Sven (), Institute of Structural Analysis, Leibniz University Hannover, Germany
Baranger, Emmanuel (), Laboratoire de Mécanique Paris-Saclay, France
Rolfes, Raimund (), Institute of Structural Analysis, Leibniz University Hannover, Germany

Delaminations pose a serious threat to the structural integrity of composite structures by locally reducing
bending stiffness and creating conditions favourable for sublaminate buckling. The onset of such
buckling can, in turn, progress delamination growth in the structure and ultimately result in a loss of
load-carrying capacity. In the present study, nonlinear finite element (FE) analyses are conducted on
composite laminates to investigate the evolution of buckling-induced delamination under strain-based
fatigue loading. To this end, two laminate configurations are investigated: thick and thin laminates,
each featuring a single through-width delamination located near the surface. Under compressive fatigue
loading, thick laminates exhibit local buckling, whereas thin laminates display a mixed local-global
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buckling mode, both of which can promote the delamination growth. The primary objective of this
study is to identify the conditions that lead to stable delamination growth which is characterised by
a decreasing growth rate with increasing delamination length, as well as those that result in unstable
growth. Delamination propagation is modelled using an established cohesive zone model from the
literature, implemented through a user-defined material subroutine in the commercial finite element
software ABAQUS. To establish the fatigue limits of the problem and to determine the strain levels for
fatigue analysis, an efficient preselection approach has been presented. The study considers short initial
delamination lengths of 16 mm and 17 mm for the thick and thin laminates, respectively. The results
show that the delamination growth rate initially increases with increasing delamination length until a
peak value is reached, beyond which the growth rate decreases as the delamination propagates further.
The influence of geometric imperfections is investigated for the thick laminate, demonstrating that
while imperfections initially affect the delamination growth rate, their influence gradually diminishes as
the delamination propagates. For the thick laminate, it is further shown that a reduction of only 10.0%
in the applied fatigue strain can lead to a substantial decrease in the delamination growth rate, owing
to its pronounced effect on the buckling displacement. Moreover, the results indicate that delamination
propagates at a significantly slower rate in thin laminates than in thick laminates. Finally, delamination
growth is evaluated for a benchmark case from the literature, demonstrating that incorporating a mode-
mixity-dependent adaptation of a model parameter improves the predictive capability.

Experimental Study on Mixed-Mode I/l Delamination Behavior of

3D-Printed Hybrid CFRP Fabricated via Intra-Bead Multi-Fiber
Hybridization

Delbariani-Nejad, Ali (delbariani@sustech.edu.cn), Southern University of Science and Technology,
China
Ruan, Kaicheng (ruankc@mail.sustech.edu.cn), Southern University of Science and Technology, China
Farrokhabadi, Amin (amin-farrokh.abadi@nottingham.edu.cn), University of Nottingham Ningbo
China, China
Ma, Quanjin (neromaquanjin@gmail.com), Southern University of Science and Technology, China
Xiong, Yi (xiongy3@sustech.edu.cn), Southern University of Science and Technology, China

Additive manufacturing (AM) techniques have become widely used in the fabrication of continuous
fiber-reinforced polymers (CFRP). The 3D printing process of CFRP offers various benefits, such as
the ability to create lightweight, high-strength, and geometrically complex components. Additionally, it
enables shorter production timelines and the possibility of integrating multiple functionalities into a single
part. However, the performance of 3D-printed CFRP is inherently limited by the properties of the single
type of continuous fiber used. This constraint becomes particularly noticeable in scenarios that require
optimized properties, which a single fiber material may not adequately provide. A key challenge in 3D-
printed CFRPs lies in their weak interlaminar bonding, which can lead to delamination, a catastrophic
failure mode strongly attributed to low interlaminar fracture toughness. This issue is further exacerbated
by the layer-by-layer deposition inherent in AM, which restricts interlayer diffusion and compromises
energy absorption at interfaces. To overcome these limitations, hybridization strategies combining fibers
with complementary mechanical properties, such as carbon fibers (CFs) and Kevlar fibers (KFs), offer
a promising solution. CFs are known for their high strength and stiffness but suffer from low fracture
toughness, while KFs provide high fracture toughness and impact resistance at the cost of reduced
stiffness. Leveraging these complementary properties through hybridization can potentially enhance the
delamination resistance of CFRPs, especially under mixed-mode (1/I1) loading conditions. The primary
focus of this study is the application of a multi-fiber manufacturing technique using the FDM method
to achieve a balance between the stiffness and toughness of 3D-printed CFRP. This multi-fiber approach
leverages the capabilities of AM, which allow for the integration of different types of fibers within a
single printed structure. The main idea involves the simultaneous deposition of two distinct fiber types,
including CFs with low elongation and KFs with high elongation, both impregnated with PA6. Since a
single nozzle is used throughout the printing process to deposit both fiber types together, this technique
is called an “intra-bead” hybridization approach. The intra-bead hybridization approach operates at the
microscale, with both fiber types co-deposited within a single hybridized bead. Here, the CKFs are
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typically arranged side-by-side (e.g., CF/KF/CF/KF within a single layer), which promotes a more
continuous and uniform distribution of mechanical properties across the entire printed structure. In
this research, two types of unidirectional CFRP are manufactured: CF/PA6 composites as a benchmark
and hybrid CKF/PA6 composites fabricated using the intra-bead hybridization method. A systematic
investigation is carried out in three phases to assess the interfacial bonding performance of 3D-printed
CFRP. In the first phase, the mixed-mode I/Il interlaminar delamination behavior is examined, which
is particularly relevant for practical applications where components are often subjected to combined
loading. Mixed-mode bending (MMB) tests are conducted at different mixed-mode ratios (0.25, 0.5,
0.75), and a failure envelope is developed for each to provide a comprehensive characterization of
delamination resistance across the full range of mixed-mode conditions. In the second phase, the focus
is on identifying the fracture mechanisms contributing to enhanced mixed-mode fracture toughness,
emphasizing the distinctive mechanisms resulting from the intra-bead hybridization approach. Finally, in
the third phase, the interfacial bonding mechanisms of CKF/PA6 hybrid CFRP are compared with those
of CF/PA6 non-hybrid CFRP, revealing differences in bonding behavior and offering valuable insights
into how the proposed hybridization strategy influences the interfacial bonding. These findings offer
valuable insights for the design of damage-tolerant, high-performance 3D-printed CFRP, particularly
for applications that require a trade-off between stiffness and toughness, by demonstrating improved
mixed-mode delamination resistance achieved through the proposed hybridization approach.

High-Efficiency and Low-Damage Machining of Ceramic Matrix Composites

Li, Jing (lijing0808@nwpu.edu.cn), Northwestern Polytechnical University, China

This study addresses the critical challenges of machining-induced damage and low processing efficiency
associated with ceramic matrix composites (CMCs), stemming from their inherent high hardness and
brittleness. A systematic investigation was conducted to develop an integrated machining methodol-
ogy. Initially, the research focused on ultrasonic vibration-assisted grinding (UVAG). A quantitative
characterization system for machining damage was established, defining clear criteria for various de-
fect types. The correlations between damage extent, surface roughness, and key process parameters
were subsequently elucidated. Based on this analysis, a parameter optimization methodology targeting
minimal damage and low surface roughness was developed and successfully implemented for precision
machining of CMCs at different densification stages. To overcome the limited material removal rate
of UVAG, a novel hybrid machining strategy combining electric arc machining (EAM) and UVAG was
proposed. The strategy employs EAM for high-efficiency, large-volume material removal in the roughing
stage, followed by UVAG for high-precision, low-damage finishing. This synergistic approach effectively
balances the requirements for high efficiency and superior surface integrity, resulting in a significant
enhancement in the overall machining performance of CMC components.

A novel simulation framework for progressive failure analysis of composite
laminates under compression after impact

Yang, Bin (yangbin0707@outlook.com), Politecnico di Milano, Italy

This study investigates the compression-after-impact (CAl) strength of carbon fibre-reinforced epoxy
composite laminates subjected to low-velocity (LVI) and medium-velocity (MVI) impacts. Impact ex-
periments at varying energy levels were conducted to characterise the dynamic response and damage
modes. A strain rate-dependent finite element (FE) model was developed by integrating the Puck fail-
ure criterion, continuum damage mechanics (CDM), and surface-based cohesive behaviour to simulate
intra- and inter-laminar damage. The intralaminar model was implemented via a VUMAT subroutine
in Abaqus/Explicit. A Python-based interface was developed to extract and transfer key damage vari-
ables, such as matrix cracking and permanent indentation, into the CAl model with corresponding
boundary and loading conditions. This novel modelling approach avoids empirical damage equivalence
and enables more accurate simulation of progressive intralaminar and delamination damage. Predicted
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force-displacement curves, energy absorption, and delamination areas showed strong agreement with
experimental results. Finally, the effects of varying impact energies on impact response, failure mech-
anisms, and CAIl strength were systematically analysed, providing an efficient and validated numerical
framework for assessing the damage tolerance of composite structures.
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Anilkumar, P. M. (a.nair@isd.uni-hannover.de), Institute of Structural Analysis, Leibniz University
Hannover, Germany

Scheffler, Sven (s.scheffler@isd.uni-hannover.de), Institute of Structural Analysis, Leibniz University
Hannover, Germany

Rolfes, Raimund (r.rolfes@isd.uni-hannover.de), Institute of Structural Analysis, Leibniz University
Hannover, Germany

The fatigue performance of adhesive joints is a critical factor governing the structural integrity of
wind turbine blades, particularly in trailing-edge regions subjected to cyclic loading. In modern blade
designs, short fibre reinforced polymer (SFRP) adhesives are increasingly employed due to their en-
hanced strength-to-weight ratio, suitability for complex geometries, and improved fatigue life. Despite
their growing industrial relevance, the progressive fatigue damage behaviour of SFRP adhesives re-
mains insufficiently understood, limiting the accuracy of existing lifetime prediction approaches. In
this work, a coupled experimental-numerical framework is proposed to investigate and predict fatigue
damage evolution in SFRP adhesive joints. A progressive fatigue damage model based on an energy-
based approach, developed at the Institute for Structural Analysis (ISD) for continuous fibre-reinforced
composites, is extended to short fibre-reinforced adhesives. The model captures material degradation
through energy-dissipation-based stiffness and strength reduction, providing a consistent link between
static and cyclic damage parameters. To account for the anisotropic nature of SFRP adhesives, three-
dimensional Hashin failure criteria are employed, allowing clear differentiation between fibre-dominated
and matrix-dominated damage mechanisms. Although the adhesive exhibits elasto-plastic behaviour
under quasi-static loading, a linear elastic constitutive assumption is adopted for the fatigue analysis,
which is justified by the focus on high-cycle fatigue at low stress levels and the need for computa-
tional efficiency. The numerical framework is supported by a comprehensive experimental campaign.
SFRP adhesive plates were manufactured by injection moulding, and specimens were extracted in two
principal orientations relative to the injection flow direction, indicating preferential fibre alignment and
motivating the use of a transversely isotropic material description. Load-controlled fatigue tests were
conducted at a stress ratio of R = 0.1 over a wide range of load levels. Full-field strain measurements
were obtained using digital image correlation. In addition, open-hole tension—tension fatigue tests were
performed to assess the model’s predictive capability under stress concentration conditions. Microscopic
fracture surface analyses were carried out to identify dominant damage mechanisms and to support the
interpretation of the observed fatigue behaviour. The proposed model demonstrates good agreement
with experimental fatigue lives and stiffness degradation trends for both material orientations, capturing
the influence of fibre alignment and stress concentration effects on fatigue performance. The fracture
surface analyses reveal fibre pull-out and matrix cracking as dominant damage mechanisms, with pro-
nounced differences between quasi-static and fatigue fracture morphologies. The proposed framework
provides an effective computational tool for fatigue life prediction and improved understanding of pro-
gressive damage in SFRP adhesive joints, contributing to the reliable design and assessment of wind
turbine blade trailing-edge bondlines and structural adhesive joints.
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Force-Heat Equivalence Energy Density Principle and its applications to the
characterization of composite material properties under extreme conditions

Li, Weiguo (wgli@cqu.edu.cn), College of Aerospace Engineering, Chongqing University, China

With the rapid development of modern science and technology, the demand for expanding the service
conditions of materials has become increasingly intense. The mechanical /physical properties of mate-
rials under diverse and wide-range extreme conditions have become a core issue of concern in various
fields, and there is an urgent need to establish the ability to predict the performance of materials under
such conditions. Focusing on the major needs of the country, aiming at the advanced materials and
structures that have a wide application prospect in national strategic equipment, focusing on their me-
chanical behaviors, strength theory and characterization methods under diverse and wide-range extreme
conditions, the author originally proposed a method that could quantitatively characterize the effect of
temperature on the mechanical/physical properties of materials - the Force-Heat Equivalence Energy
Density Principle (Li's principle of energy equivalence). Based on this principle, for the first time, estab-
lished a series of theoretical quantitative characterization models for the mechanical /physical properties
(fracture strength, vyield strength, ultimate strength, fatigue strength, creep life, buckling strength,
hardness, melting point, band gap width, electrical breakdown strength, and exciton energy, etc.) of
various material systems, including inorganic non-metallic, metallic, polymeric, and composite materials,
without any fitting parameters.

Failure mechanism and progressive damage modelling of stealth functional
laminated composites for aircraft inlet structures under tensile loading

Li, Boxian (li-bx24@mails.tsinghua.edu.cn), Tsinghua University, China
Dang, Zhangchi (dangzc17@outlook.com), Tsinghua University, China
Ge, Dongyun (gedy@mail.tsinghua.edu.cn), School of Aerospace Engineering, Tsinghua University,
China

Next-generation aircraft inlets need a single solution that is lightweight, aerodynamically efficient, and
radar stealthy. This study investigates a stealth functional laminated composite for inlet skins. We
combined in situ tensile tests, scanning electron microscopy, and progressive damage finite element
analysis. The laminate has two co-cured parts. A functional layer is placed near the outer aerodynamic
surface to absorb and control electromagnetic waves. A load-bearing layer is placed on the inner side and
is made of T800 carbon fibre-reinforced polymer. The two layers differ strongly in stiffness, strength,
and thermal expansion. Together with an unsymmetric layup, this results in strong anisotropy and
tension-bending coupling. During curing and service, the laminate can develop distortion and high
interlaminar stresses. These effects may lead to interfacial debonding, interlaminar shear slip, and local
spallation of the functional layer, which can reduce assembly accuracy and in-service reliability. To
reveal the microscale damage evolution of the laminate under tension, we used in situ tensile testing
together with scanning electron microscopy. Clear differences were observed on the two sides. On
the load-bearing side, damage follows a brittle fracture sequence: microcracks initiate, grow, coalesce,
and finally form a through-thickness fracture. Cracks mainly propagate perpendicular to the loading
direction and drive stiffness degradation. On the functional side, the response is mixed plastic-brittle.
At low to medium loads, local yielding first appears in stress concentration zones, while cracking
remains limited and small. A sparse crack network forms only near the ultimate load and overlaps
with the plastic zones. Because the two sides are damaged in different ways and at different rates,
the interface experiences high shear and coupled deformation. Crack growth often coincides with
interfacial debonding, forming an asymmetric coupled damage pattern. A layered finite element model
was developed in ABAQUS to capture the material mismatch and the unsymmetric layup. Hashin
criteria were adopted for fibre and matrix failure, and progressive damage was used to simulate stiffness
degradation and stress redistribution. The model predicts the ultimate strength and the global load-
displacement response well compared with the tests. The simulations indicate that matrix tensile
damage initiates at the interface between the functional and load-bearing layers. Damage then spreads
into adjacent plies and interacts with fibre and matrix damage in tension and compression, forming a
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weakened zone near the interface. This zone agrees with the crack initiation and debonding regions
observed in the in situ microscopy, confirming that the interlaminar interface is the key weak region
controlling failure. The results provide design guidance on functional layer selection and thickness,
layup symmetry, interface toughening, and distortion control for stealth composite inlet structures.

Study of the compressive behaviour of an L shaped flax fiber reinforced
PLA composite profile

Gawryluk, Jarostaw (j.gawryluk@pollub.pl), Department of Applied Mechanics, Faculty of Mechanical
Engineering, Lublin University of Technology, Nadbystrzycka 36, 20-618 Lublin, Poland
Santiuste, Carlos (csantius@ing.uc3m.es), Department of Continuum Mechanics and Structural
Analysis, University Carlos Ill of Madrid, Avda. de la Universidad, 30, 28911 Leganés, Madrid,, Spain
Wisnios, Dominika (dominika.wisnios@pollub.edu.pl), Department of Applied Mechanics, Faculty of
Mechanical Engineering, Lublin University of Technology, Nadbystrzycka 36, 20-618 Lublin, Poland
Korzec-Strzatka, Iza (i.korzec@pollub.pl), Department of Applied Mechanics, Faculty of Mechanical
Engineering, Lublin University of Technology, Nadbystrzycka 36, 20-618 Lublin, Poland
Borowiec, Marek (m.borowiec@pollub.pl), Department of Applied Mechanics, Faculty of Mechanical
Engineering, Lublin University of Technology, Nadbystrzycka 36, 20-618 Lublin, Poland

The rapid advancement of modern engineering technologies is opening new pathways for designing
structures that combine mechanical performance with environmental responsibility. Increasingly, the fo-
cus is not only on the strength of a material but also on its origin, sustainability, and end of life options
such as recycling or biodegradation. As public awareness grows, users and consumers are paying closer
attention to the ecological footprint of the products they choose. This shift in expectations drives global
research efforts toward materials that can deliver high durability while maintaining a significantly lower
environmental impact than conventional solutions. In the field of fiber reinforced composites, natural
fibers such as flax, hemp, sisal, and jute are emerging as viable alternatives to synthetic reinforcements
like carbon or glass fibers. Flax fibers, in particular, offer substantial environmental advantages: produc-
ing one kilogram requires only 1.1 kWh of Energy , approximately 99% less than carbon fiber production
250 kWh. Additionally, CO emissions associated with flax fiber manufacturing are markedly lower (1.65
kg per kilogram of fiber) compared to carbon fiber (24 kg), representing a 93% reduction. Motivated
by these benefits, the present study investigates the failure behavior of a simple structural compo-
nent ( L-shaped angle) subjected to axial compression. Both numerical and experimental approaches
were employed. Experimentally, five specimens made from a natural composite consisting of flax fibers
embedded in a polylactic acid (PLA) matrix were tested. Compression tests were performed using a
universal testing machine to determine the mechanical response of the laminates. A non-contact optical
measurement system (Aramis) was used to track deformation, while an acoustic emission system cap-
tured sound signatures associated with fiber and matrix damage initiation. Numerical simulations were
carried out using an idealized geometry corresponding to the real specimen. The finite element method
implemented in Abaqus was used to determine the critical buckling load for the first mode. Damage
initiation was assessed using maximum stress criteria as well as Tsai-Wu, Tsai-Hill, and Azzi-Tsai-Hill
failure theories. The Hashin criterion was applied to identify the dominant failure mechanisms. Based
on Hashin parameters, a stability analysis was performed, enabling the determination of equilibrium
paths and the load level at which structural integrity is lost. Overall, the findings support the grow-
ing view that biocomposites can serve as viable, sustainable alternatives to traditional synthetic fiber
materials. Continued development of such materials may significantly expand their applicability across
engineering sectors while contributing to reduced environmental impact and promoting more sustainable
design practices. Acknowledgements: The research was funded by the Lublin University of Technology
program titled ,Investing in Potential” (Grant No: 33/IP/2025/F).

Multidamage and Failure Evolutions of CFRP Composite Structures under
Progressive Loading
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R. Koloor, S.S. (s.s.r.koloor@gmail.com), Universitat der Bundeswehr Miinchen, Germany
Gude, M. (m.gude®@tu-dresden.de), Dresden University of Technology, Germany
Tamin, M.N. (mn.tamin@utm.my), Universiti Teknologi Malaysia, Malaysia
Dickhut, T. (t.dickhut@unibw.de), Universitat der Bundeswehr Miinchen, Germany

Carbon fiber reinforced polymer (CFRP) composite laminates are widely used in advanced industries
such as aerospace and automotive engineering. The reliability assessment of composite laminate struc-
tures depends on understanding elastic-to-damage behavior, failure mechanisms, and their interactions
under continuous loading. Continuous loading in the damage regime of mesoscale CFRP composites
often leads to multiple failure modes, including matrix yielding and cracking, fiber—-matrix debonding,
multidirectional delamination, and fiber fracture or crushing. This study presents a combined com-
putational-experimental approach to establish hybrid deformation mechanisms that activate multiple
damage modes and failures in multidirectional (MD) CFRP composite laminates. In the computational
framework, finite element (FE)-based damage models are employed, including a lamina continuum
model coupled with an interlaminar model, to enable hybrid deformations that produce linear—nonlinear
interlaminar and intralaminar stress development. Three-dimensional continuum elements are used to
establish internal displacement and strain states through the laminate thickness, providing a three-
dimensional representation of failure locations. The material response, characterized by a progressive
elastic-to-failure process, is based on a continuum formulation incorporating classical lamination the-
ory, damage initiation criteria, post-damage evolution, and an energy-based damage propagation model
for the laminas, while cohesive failure criteria are defined for multidelamination. Experimentally, a
case study focusing on the flexural behavior of a CFRP composite was conducted to induce multi-
ple damage modes and subsequent failures, serving to demonstrate the validity and credibility of the
computational approach. A CFRP composite beam with an antisymmetric ply sequence of [-45/45/-
45/90/45/90/90/-45/90/45/-45/45] was subjected to four-point bending until complete failure. The
model and simulation results were validated through strong correlation with experimental observations
of (1) linear-nonlinear structural response and (2) the prediction of multiple fracture states. The results
are discussed in terms of flexural stiffness degradation, stress distributions within equivalent orthotropic
laminas, the sequence of damage events in individual laminas and interfaces, the evolution of dam-
age variables, and critical energy components. The capability of the FE model is demonstrated by
accurately capturing both linear and nonlinear structural responses, as well as predicting multiple frac-
tured regions, including multidamage events in lamina No. 1 (matrix shear failure and fiber buckling),
matrix cracking in lamina No. 9, and multidelamination at interfaces No. 8 and 9, consistent with
experimental findings. Additionally, the FE predictions indicate that fiber damage propagation without
fracture—an invisible failure mode at the mesoscale—in laminas No. 10, 11, and 12 (critical layers) is
the primary contributor to load-bearing degradation, rather than the visibly fractured regions. In this
context, challenges related to model limitations, prediction accuracy, and overall validity are discussed.

Thermodynamically Consistent Modeling of the Nonlinear Damage
Behavior of Carbon Fiber Reinforced Thermoplastics

Tabib, Majd (majd.tabib@uni-wuppertal.de), Institute of Computational Applied Mechanics, Germany
Liu, Tiansheng (tiansheng.liu@uni-wuppertal.de), Institute of Computational Applied Mechanics,
Germany
Bednarcyk, Brett (brett.a.bednarcyk@nasa.gov), NASA, USA
Pineda, Evan (evan.j.pineda@nasa.gov), NASA, USA
Neumann, Johannes (johannes.neumann@uni-wuppertal.de), Institute of Computational Applied
Mechanics, Germany
Simon, Jaan-Willem (jaan.simon@uni-wuppertal.de), Institute of Computational Applied Mechanics,
Germany

The increasing demand for lightweight structural components in the automotive and aerospace sec-
tors has accelerated the adoption of Thermoplastic Fiber-Reinforced Composites (TPFRCs). Unlike
most composites, TPFRCs offer superior recyclability, high specific strength, and rapid processing ca-
pabilities. However, the mechanical behavior of the semi-crystalline thermoplastic matrix is highly
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complex, exhibiting pronounced nonlinearities driven by viscoelasticity, elasto- plasticity, and damage
evolution, particularly under cyclic loading conditions. The primary objective of this study was to ac-
curately predict the nonlinear damage behavior of the thermoplastic matrix, while accounting for finite
strains and other inelastic phenomena, while maintaining thermodynamic consistency. The developed
approach utilized a rheological framework consisting of a parallel arrangement of intermolecular and
molecular network components to decouple viscoelastic and elastoplastic mechanisms [2]. To address
the interaction between inelastic deformation and material degradation, a bipotential formulation was
employed; this method introduced two distinct potentials in the intermediate configuration: one gov-
erning the viscoelastic-elastoplastic flow and the other controlling damage evolution. This separation
was crucial for ensuring the thermodynamic consistency of the model, specifically when dealing with
the non-associative flow rules often required for polymers. The model accounted for isotropic damage
but explicitly incorporated Tension-Compression Asymmetry (TCA). This was essential for TPFRCs,
where the matrix behavior differs significantly under tensile versus compressive loads, influencing the
onset of failure mechanisms such as matrix cracking. To overcome the pathological mesh dependency
inherent in local damage formulations, the framework integrated a gradient-enhanced regularization
scheme (micromorphic approach). This introduced non-local field variables that regularized the dam-
age localization zone, ensuring that energy dissipation remained objective and independent of the finite
element mesh size. This feature is particularly critical for the subsequent steps of this project, where
the matrix model will be employed within Representative Volume Elements (RVEs) for homogenization.
The model was validated against experimental data obtained from uniaxial and cyclic tensile, compres-
sive, and shear tests on pure matrix specimens. Preliminary results demonstrated the capability of the
model to capture rate-dependent stiffness degradation and permanent deformation.

A variational foundation—bar composite model with tension—compression
plasticity and fatigue-induced damage

Fabbrocino, Francesco (francesco.fabbrocino@unipegaso.it), Universita Telematica Pegaso, ltaly
Montanino, Andrea (), Universita Telematica Pegaso, Italy
Placidi, Luca (luca.placidi@unipegaso.it), Universita Telematica Pegaso, Italy

This contribution proposes a minimal yet physically interpretable model to capture fatigue-driven degra-
dation arising from the interaction between plasticity and damage in composite-like structures. A com-
pliant axial member is coupled to a rigid substrate through a distributed spring layer, representing an
interphase/interface region (e.g., an adhesive layer, a matrix-rich zone, or a compliant foundation)
mediating load transfer between constituents. Each spring is equipped with two tension—compression
plastic accumulations and a scalar damage variable, whose activation thresholds are coupled to the plas-
tic internal variables. Such constitutive coupling makes each cycle slightly irreversible and progressively
more damaging, so that failure can develop under constant-amplitude cyclic loading without prescribing
S—N laws a priori. The evolution problem is formulated in a variationally consistent energetic setting,
leading to a hemi-variational inequality that guarantees thermodynamic admissibility and irreversibility
of plasticity and damage at the local (spring) level, while compatibility along the axial member intro-
duces nonlocal interaction and redistribution effects. Numerical examples demonstrate: (i) progressive
degradation and narrowing of distributed hysteresis; (ii) growth of damage and dissipation with spa-
tial localization along the interphase; and (iii) the emergence of W&hler-type (S—N-like) curves at the
structural scale. The model provides a reduced-order building block for analyzing fatigue degradation
in bonded interfaces and composite assemblies, supporting parametric studies and guiding the design
of safer load-transfer architectures.

Debonding prediction in multilayer systems using a closed-form analytical
model

Linn, Debora (linn@ad.tu-darmstadt.de), Institute of Applied Dynamics - TU Darmstadt, Germany
Becker, Wilfried (becker@fsm.tu-darmstadt.de), Institute of Applied Dynamics - TU Darmstadt,
Germany
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Bonded joints and sandwich structures are widely used in lightweight engineering and composite me-
chanics due to their high load-to-weight ratio and the possibility of damage-free joining. In this study,
a three-layer system is investigated, serving as a simplified model for both bonded joints with thick
adhesive layers and for sandwich structures with a thick core. It is common for such structures that the
inner or adhesive layer is made of a more flexible material, and the outer layers are made of a stiffer
material like a fiber reinforces polymer. Due to the geometry and the mismatch in material properties,
stress concentrations arise at the material interfaces, reaching their maximum values at the free edges.
These elevated interfacial stresses may initiate interlaminar cracks, which can subsequently propagate as
delaminations and thereby compromise the structural integrity. Within the framework of finite fracture
mechanics, crack initiation is predicted using a coupled stress and energy criterion. For this purpose,
both the stress distribution in the considered structural configuration and the incremental energy release
rate for the potential delamination cracks are evaluated. To approximate the required field quantities, a
closed-form analytical model based on a higher-order displacement approach is developed. The validity
and accuracy of the proposed model are assessed through comparison with finite element simulations.

Cost-effective phase-field fracture prediction in composite structures via a
moving-mesh adaptation scheme

Ammendolea, Domenico (domenico.ammendolea@unical.it), Department of Civil Engineering,
University of Calabria, Italy
Greco, Fabrizio (fabrizio.greco@unical.it), Department of Civil Engineering, University of Calabria,
Italy
Leonetti, Lorenzo (lorenzo.leonetti@unical.it), Department of Civil Engineering, University of
Calabria, Italy
Lonetti, Paolo (paolo.lonetti@unical.it), Department of Civil Engineering, University of Calabria, Italy
Pascuzzo, Arturo (arturo.pascuzzo@unipegaso.it), Department of Civil Engineering, Digital University
Pegaso, Italy

Both traditional and innovative composites have an intrinsically complex mechanical behavior, usu-
ally exhibiting damage-induced anisotropy strictly related to multiple interacting failure modes when
subjected to general external loads. In this context, well-established phase-field fracture approaches
have proven to be reliable numerical tools for accurately simulating multiple crack propagation inside
matrix along nonprescribed paths and in the absence of initial defects. Nevertheless, a proper phase-
field regularization often requires that the internal length scale be much smaller than the size of the
fracture process zone, and in turn the finite element discretization be very fine at least in the cracking
regions. This is true also for the recently developed length-scale insensitive phase-field damage models
for cohesive fracture. It follows that adaptive mesh refinement is desirable for improving overall compu-
tational accuracy and efficiency at the same time. The aim of this work is to present an efficient mesh
refinement strategy for the phase-field regularized cohesive zone model, relying on a moving mesh adap-
tation scheme within a finite element framework. The proposed approach is able to achieve excellent
computational savings while preserving high accuracy in reproducing cracking processes in heteroge-
neous media along arbitrary trajectories. The key feature of the proposed strategy is a new criterion
to dynamically refine the mesh in critical regions, where microscopic damage evolution is expected,
without the need for expensive remeshing operations. The efficacy of the proposed methodology has
been assessed through comparisons with other numerical techniques available in technical literature as
well as with direct numerical simulations conducted by using uniformly fine meshes. The present results
underscore the reliability of the proposed moving mesh adaptation scheme as a robust, cost-effective
tool for simulating damage and failure phenomena in a wide range of composite materials and structures
for engineering applications.

An AE damage identification method for woven composites by modal
energy analysis
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Huang, Kai (huangkai®@hit.edu.cn), Harbin Institute of Technology, China
Wang, Yan (), Harbin Institute of Technology, China
Guo, Licheng (guolc®@hit.edu.cn), Harbin Institute of Technology, China

Recently, acoustic emission (AE) methods have been widely used for damage mechanism of woven com-
posites, by combining digital image correlation (DIC), computed tomography (CT) etc. However, limi-
tations cannot be ignored: 1) conventional AE feature-based methods may lose critical time-frequency
information; 2) waveform-based approaches may lack clear physical linkage between frequency charac-
teristics and damage modes. This talk will introduce our latest progress in AE damage identification
method for woven composites by modal energy analysis. The damage mechanism of woven compos-
ites with the influence of structural variations are present by a combined analysis of AE, DIC, and
microscopic observations.

Parametric Assessment of a Fast Linear Method for Mixed-Mode
Delamination Onset in Composite Structures

Castaldo, Rossana (rossana.castaldo@unicampania.it), Universita degli Studi della Campania "Luigi
Vanvitelli", Italia
Masella, Alfredo Manuel (), Univerisit,
Riccio, Aniello (Aniello.riccio@unicampania.it), Universita degli studi della Campania "Luigi
Vanvitelli"., Italia

Accurate prediction of delamination onset in composite laminates is crucial for the design of reliable
structures. Traditional approaches, such as nonlinear simulations based on the Virtual Crack Closure
Technique (VCCT) or Cohesive Zone Models (CZM), are computationally expensive and often imprac-
tical for early-stage design. To overcome these limitations, a linear methodology has been developed
that efficiently predicts delamination initiation under both Mode | and mixed-mode loading conditions,
providing a fast and reliable alternative to full nonlinear analyses. This work presents a dedicated para-
metric sensitivity analysis to evaluate the influence of delamination position on the predictive capability
of the proposed fast linear method. A benchmark composite configuration with an embedded circular
delamination is considered, systematically relocated both along the in-plane direction and through the
laminate thickness, while keeping material properties, geometry, and boundary conditions constant.
For each configuration, the onset load is estimated using linear static analyses combined with eigen-
value buckling simulations and a mixed-mode fracture criterion. All predictions are critically compared
against nonlinear results obtained from the well-established SMart-Time XB approach, demonstrating
the accuracy and robustness of the linear methodology across a wide range of delamination positions.
The results show that variations in the damage position, despite modifying the local stress distribution
and the relative contributions of Mode | and Mode Il energy release rates, do not compromise the
consistency of the predicted initiation loads. Within the previously identified applicability domain, the
method maintains good agreement with nonlinear reference solutions, confirming its robustness against
geometric perturbations of the defect. The study further supports the suitability of the proposed linear
approach as a fast and reliable tool for preliminary composite design, where rapid parametric evaluations
are essential.
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Design and applications of composites

Development and assessment of a lightweight type IIl COPV for
high-pressure helium storage in flight systems

Franzoni, Felipe (Felipe.Franzoni@dlr.de), DLR Institute of Lightweight Structures, Department of
Structural Mechanics, Germany
Liebisch, Martin (Martin.Liebisch@dlr.de), DLR Institute of Lightweight Structures, Department of
Structural Mechanics, Germany
Freund, Sebastian (Sebastian.Freund@dlr.de), DLR Institute of Lightweight Structures, Department
of Structural Mechanics, Germany

This paper presents a comprehensive design and structural assessment methodology for a Type Il
composite overwrapped pressure vessel (COPV) developed for high-pressure helium storage in flight
applications within the framework of the DLR ATHEAt project. The vessel, manufactured through
filament winding, consists of an aluminum 5083-0O liner and a carbon fiber—reinforced polymer (CFRP)
T700SC/LY556 overwrap. The sizing process addresses the specific requirements for flight use—including
weight optimization, flight hardware safety factors, and robustness under combined thermo-mechanical
loading conditions. The sizing methodology is divided into two main steps: (i) automated optimization
of the composite layup based on a linear axisymmetric static analysis to meet target burst and proof
pressures, and (ii) detailed nonlinear finite element assessment accounting for liner plasticity and the in-
teraction between the metallic and composite layers. Key parameters investigated include the geometric
details of the liner and boss region, material properties over a temperature range, and the definition of
safety margins for critical failure modes. The results demonstrate that the proposed approach yields
a structurally efficient configuration that satisfies flight-relevant design constraints while maintaining
adequate safety margins against liner yielding and fiber rupture. The findings support the ongoing
efforts of the ATHEAt project to research new technologies for reusable space transportation systems
and to develop lightweight, high-pressure composite storage solutions.

A ductile seismic design strategy for the beam / column joints of FRP
pultruded profiles

Dudine, Allen (allen.dudine@fibrenet.it), Fibre Net S.p.A., Italy
Micelli, Francesco (francesco.micelli@unisalento.it), Universita del Salento, Italy
Vantusso, Emanuele (emanuele.vantusso®@fibrenet.it), Fibre Net S.p.A., Italy
Zanello, Enrico (enrico.zanello@fibrenet.it), Fibre Net S.p.A., Italy

Characterized by their lightness, simple connectivity and brittle behaviour, structures built with pul-
truded profiles are typically considered as “non-dissipative” structures. These considerations are received
in the recent seismic codes by the absence of capacity design and the adoption of very low behaviour
factors (or sometimes completely absent, with no specifications) if compared with the ones of ordinary
material structures. This limited capability of stress redistribution significantly increases the vulnera-
bility of pultrude profiles structures under beyond design seismic hazards and raises the demand for
more resilient designs. Along these lines, the proposed approach focuses on the plasticization of the
bolted connections of the profiles attempts to increase the ductility of the individual frames, and, at the
same time, to preserve their easy-to-assemble nature. As for the Plastic Ovalization Strategy (POS) of
industrial racking systems and for the Johansen Theory of European Yield Model (EYM) of the design
of the wooden joints, the strategy of Pultruded Profiles Ductile Connections (P2roDuCo) is achieved
by tasking the pin bearing failure mechanism of the bolt hole to absorb seismic deformations, while ca-
pacity design is employed to keep the rest of the structure in the elastic zone. Introducing a preliminary
discussion on the transposed motives and basic principles of the strategy, one structure with pultruded
profiles, designed twice by professional engineers, once using standard approaches and then by addition-
ally employing the proposed dissipative model. Finally, the design solution is compared by conducting
a preliminary seismic assessment for these structures, which employs a phenomenological macro-model
comprising elastic elements and nonlinear springs to simulate the bearing failure mechanism.
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Martin-Gutiérrez, Emilio (emilio.martin@udc.es), University of A Corufia, Spain
Vazquez-Rodriguez, Pepe (jose.vazquez@udc.es), University of A Coruiia, Spain

Timber-concrete composite systems are an efficient solution for engineering structures by taking advan-
tage of the benefits that each material provides. Timber provides lightness, flexibility, workability and
sustainability, while concrete provides continuity, rigidity and improvements in acoustic and fire per-
formance, among other advantages. These systems have traditionally been used for the development
of bending simply supported flooring elements where the concrete works on the upper face mainly in
compression and the wood is placed on the lower face either in the form of ribs or in the form of a
slab and works mainly in tension. Our team has developed a comprehensive structural system solution
in which beams, slabs, and supports are all resolved using the same wood-concrete composite system.
The system is based on a shear connection made with perforations made in the wooden pieces and filled
by the freshly poured concrete, so that no additional ironworks or adhesives are needed to ensure the
transmission of forces between both materials. The perforations are made in T-shaped pieces for beams
and slabs and in box-shaped pieces for supports. These wooden pieces can be prefabricated and easily
transported, and they serve as permanent formwork for pouring the concrete that fills the supports and
creates a thin layer on the slabs. Concrete provides continuity in all elements, allowing for semi-rigid
connections between beams and floors, and between beams, and support. The possibility of developing
these connections greatly improves the behaviour in relation to the simply supported systems that are
usually carried out. On the one hand, bending stiffness is improved and deflections are limited allowing
to reduce the thickness of the floors or to increase span. On the other hand, stiffness against lateral
actions and the overall stability of the buildings are increased. An extensive experimental campaign has
been carried out to validate this solution. Firstly, tests have been carried out on the timber-concrete
shear connection, testing the effectiveness of different shapes and arrangement of the perforations and
different types wood-derived materials, plywood boards, and cross-laminated panels. Secondly, floor
slabs with spans ranging from 6.0 to 8.4 meters and a span-to-depth ratio of 24 were tested. These
floor slabs have a double-T cross-section, consisting of a lower wooden slab, an upper concrete slab,
and a wooden rib with the perforations separating the two slabs. Insulation material can be placed
between the ribs. This cross-section provides significant stiffness to the floor slabs, which, with these
proportions, meet the deflection requirements for public buildings. Secondly, floor slabs with spans
ranging from 6.0 to 8.4 meters and a span-to-depth ratio of 24 were tested. These floor slabs have
a double-T cross-section, consisting of a lower wooden slab, an upper concrete slab, and a wooden
rib with the perforations separating the two slabs. Insulation material can be placed between the ribs.
This cross-section provides significant stiffness to the floor slabs, which, with these proportions, meet
the deflection requirements for public buildings. The behaviour of supports subjected to centred com-
pression has also been tested. It has been verified that the casing effect generated by the wooden box,
which serves to allocate the connecting perforations and acts as permanent formwork, also significantly
improves the load-bearing capacity and the supports when compared to the resistance of isolated only-
concrete supports. Finally, beam-floor and beam-support joint tests have been carried out to assess
the ability to develop semi-rigid connections. The experimental results obtained have confirmed the
viability and good performance of the system.

abst. 1086 New Italian Guidelines for the Design, Execution and Inspection of
Repository  Structural Strengthening Interventions Using Fiber-Reinforced Composites

Ascione, Luigi (l.ascione@unisa.it), University of Salerno, Italy
Ceroni, Francesca (francesca.ceroni@uniparthenope.it), University "Parthenope” - Naples, Italy
Lignola, Gian Piero (glignola@unina.it), University "Federico II" - Naples, ltaly

The second revision of the Guidelines for the Design, Execution and Inspection of Structural Strengthen-
ing Interventions Using Fiber-Reinforced Composites. Materials, Reinforced and Prestressed Concrete
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Structures, masonry structures (CNR-DT 200 R2) represents a comprehensive revision of the previ-
ous R1 version (2013), aimed at aligning Italian guidelines for polymer matrix composites (FRP) with
the latest international scientific literature and national regulatory frameworks. Unlike standard design
codes, the CNR Technical Documents maintain an informative and explanatory approach to ensure
practitioners understand the underlying mechanical and technological principles of composite reinforce-
ment. Main primary novelties were introduced in R2. Material Qualification and Scope in Chapter 2
are aligned to the significant technological progress in fibers and resins over the last decade. The doc-
ument acknowledges new materials emerging on the market while maintaining its formal scope focused
on aramid, carbon, and glass fibers, steel wires/strands, and thermosetting resins. A detailed overview
of material qualification is provided, strictly aligning with current Italian law and the procedures re-
quired for CE marking. Design Fundamentals and Safety Factors in Chapter 3 involve recalibration of
partial safety factors for FRP materials and environmental conversion factors. These updates are based
on extensive experimental programs that quantified uncertainties in material properties and align with
modern approaches for reliability. Structural Reinforcement in Chapters 4 and 5 were improved with
the inclusion of Near Surface Mounted (NSM) systems. In previous versions, only Externally Bonded
Reinforcement (EBR) was addressed. Meanwhile the bond coefficients for both reinforced concrete
(RC) and masonry have been recalibrated based on recent test data. R2 now provides formal design
rules for reinforcements inserted into grooves in the substrate, significantly expanding the practitioners’
more precise tools for both standard and seismic retrofitting of RC. Anchorage Systems and Special
Detailing were inserted for the first time, new criteria for evaluating the diagonal tension capacity of
beam-column joints and provisions for predicting crack width opening under Serviceability Limit States.
Theoretical Models and Monitoring have been completely revised to detail the mechanical formulations
for debonding from the substrate for both EBR and NSM systems. Finally, updates of the protocols
for the control and monitoring of structural interventions, incorporate a decade of field experience and
evolution.

Development of multi-layered carbon fibre reinforced PPS/PES composites
for high toughness and high thermal conductivity

Wang, Kaibao (kaibaowang@mail.tsinghua.edu.cn), Tsinghua University, China
Liu, Yang (y-122@mails.tsinghua.edu.cn), Tsinghua University, China
Bai, Jiacheng (), Tsinghua University, China
Le, Huirong (lehr@mail.tsinghua.edu.cn), Tsinghua University, China

Applications of carbon fibre reinforced plastic composites, such as nuclear power plant heat exchangers
and battery cases of electric vehicles, call for enhanced thermal conductivity as well as high strength and
corrosion resistance. This study systematically investigated the effect of fibre type, fibre content and hot
pressing temperature on the thermal and mechanical properties of carbon fibre-reinforced thermoplastic
composites. A biomimetic layered structure was developed by adding carbon fibre prepreg to the short
carbon fibre reinforced PPS-PES composite. Results showed that the pitch-based short carbon fibre
reinforced composites exhibited superior thermal conductivity compared to the PAN-based composites.
The thermal conductivity of the pitch-based composite reached 1.46 W/m.K in the thickness direction.
The introduction of the intermediate prepreg layers to form a multi-layered structure enhances the
toughness of the material compared to the conventional sandwich structure, transforming the failure
mode from brittle fracture to progressive failure, thereby improving the safety and durability of the
material. The numerical simulation validates the model assumption. These findings provide a novel
approach to the design optimisation of hybrid short and long carbon fibre composites for enhanced
thermal conductivity while maintaining good mechanical properties.

Probabilistic assessment of composite-repaired pipelines with interacting
dent-corrosion defects using an interpretable hybrid machine learning
framework

Savari, Ardeshir (savari.ardeshir@gmail.com), University of Calgary, Canada
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Alnefaie, Khaled (farshidz9444@gmail.com), King Abdulaziz University, Saudi Arabia
Singh, Narinderjit (1373asme@gmail.com), INTI International University, Malaysia

Interacting dent-corrosion defects pose a substantial risk to pipeline integrity and process safety as their
geometric indentation and wall-loss contribute to stress concentration not accounted for in single-defect
assessment models. The performance of composite repair systems applied to pipes containing these
combined defect scenarios is not well understood, hindering the assurance of a safe, reliability-based
decision framework. In this study, a novel hybrid machine learning-based predictive model was proposed
to estimate the failure-pressure capacity and reliability of composite-repaired pipelines with combined
dent-corrosion defects. Expressions consistent with the underlying physics were learned using Sym-
bolic Regression (SR), and a high-performance ensemble learner, namely CatBoost, was included to
model nonlinear residuals. The resulting hybrid SR-CatBoost framework achieved almost perfect ac-
curacy (R2=0.998) and outperformed pure symbolic and ensemble models. By integrating the hybrid
model into the Monte Carlo Simulation, the probability of failure was determined, and the most im-
pactful variables were identified. The SHAP analyses illustrated that the pipe diameter-to-thickness
ratio, strength ratios, operating internal pressure, and defect severity were the main drivers of relia-
bility change; however, the composite sleeve features played secondary roles. The results show that
uncertainty in geometry and operating pressure affects the reliability of repaired pipes, underscoring the
importance of using conservative design factors for combined defects.

Structural design and interface optimization of intelligent heterogeneous
composite materials

Wei, Chong (chong.wei@nwpu.edu.cn), Northwestern Polytechnical University, China
Liang, Shuang (132140562300163.com), Northwestern Polytechnical University, China

Metal-SiCf/SiC multilayer cladding is considered to be a promising accident-tolerant fuel cladding
because it overcomes the gas-tightness limitation of SiCf/SiC cladding. However, the mechanisms
by which structural changes affect their thermomechanical properties are unclear, and the excessive
interface stress remains a major obstacle to their application. In this study, a parametric modeling
approach was employed to rapidly construct different heterogeneous cladding structures with 2D braided
SiCf/SiC composites, incorporating five types of metal liners (W, Mo, Re, Ta, Nb) at three different
thickness levels. Their thermo-mechanical properties were systematically analyzed using finite element
simulation at different temperature. The results show that among the five metal liner systems, the
Re- and W- lined systems exhibit superior overall performance in the non-irradiated state, with their
thermomechanical properties consistently improving as liner thickness increases. In contrast, the Mo-,
Ta-, and Nb-lined systems display inconsistent trends. To effectively alleviate this issue, we designed a
porous SiC interlayer carrying monitoring and sensing elements, which reduced the interfacial stress by
about 30%.

Construction of rapidly gelatinising nanocomposite hydrogel films by
spraying
Zhao, Chenxi (zchenxi243@163.com), Harbin Institute of Technology, China

In situ hydrogels are an emerging class of hydrogels with unique advantages, though their overall per-
formance still requires further enhancement. We adopted a dual-precursor solution strategy to rapidly
crosslink and obtain in situ formable hydrogel films. The hydrogel precursor solution can uniformly
spread over various material surfaces without forming droplets, ultimately resulting in a sprayable hy-
drogel with adjustable thickness and broad applicability. This presents a highly promising novel wound
dressing, offering a new therapeutic approach for wound treatment. The precursor solution exists in
liquid form, facilitating the easy loading of additional functional components. By incorporating mag-
netic nanoparticles into the polymer network, a responsive hydrogel film can be formed, characterized
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by simple preparation, convenient operation, unique magnetic responsiveness, and favorable mechani-
cal properties. As soft intelligent materials, hydrogel actuators hold extensive development potential;
however, such actuators are rarely fabricated using in situ formation strategies. This study overcomes
the limitations of current sprayable hydrogels and expands their versatility in biomedical applications.
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Dynamics of composite structures

Effects of Temperature on the Dynamic Fracture Behavior of Rigid
Insulation Tile Materials

Li, Datao (Idt1688@chd.edu.cn), Chang’'an University, China

This study employs a modified high-temperature split Hopkinson pressure bar (SHPB) setup to perform
three-point bending (3-p-b) tests on rigid insulation tile (RIT) materials, with the aim of evaluating
their fracture toughness across an extensive temperature range from 78 K to 1423 K. By accounting
for temperature-dependent fiber spacing and inertial effects, we extend the boundary effect model
(BEM) to dynamic loading conditions under high temperatures. The experimental results demonstrate
a pronounced temperature dependence of the fracture toughness of RIT materials at various loading
rates. Specifically, as the temperature decreases from 293 K to 78 K, the fracture toughness increases.
Between 973 K and 1173 K, viscous flow and micro-crack self-healing contribute to a marked rise in
fracture toughness. Around 1473 K, however, fiber compaction and softening lead to a significant
reduction in toughness. Furthermore, the fracture toughness shows clear sensitivity to the loading rate,
as reflected by distinct crack propagation patterns and fiber fracture mechanisms under different rates.
These findings provide valuable insight into the thermomechanical behavior of RIT materials under
extreme temperature and dynamic loading conditions.

A finite element model for the free vibration analysis of laminated
beam-type structures

Stimac Roncevi¢, Goranka (goranka.stimac@uniri.hr), University of Rijeka, Faculty of Engineering,
Croatia
Bani¢, Damjan (dbanic@uniri.hr), University of Rijeka, Faculty of Engineering, Croatia
Turkalj, Goran (goran.turkalj@riteh.uniri.hr), University of Rijeka, Faculty of Engineering, Croatia

In this paper, an improved finite element beam model for the free vibration analysis of laminated
composite beam-type structures with thin-walled cross-sections is presented. The cross-sections are
modeled as thin, symmetric and balanced angle-ply laminates. Based on the Hamiltonian principle
and the kinetic energy of a thin-walled beam element, a consistent mass matrix is formulated and
the associated eigenvalue problem is established. Hooke's law and a nonlinear displacement field of
the thin-walled cross-section are incorporated to account for restrained warping and large rotation
effects. The formulation employs the same shape functions as those used in the definition of stiffness
matrix: linear interpolation functions for axial displacement, cubic Hermitian interpolation functions
for transverse deflections and twist rotation and quadratic Hermitian interpolation functions for slopes
and warping. The accuracy of the proposed model is evaluated through several numerical examples.
The results show very good agreement with those reported in the literature, as well as with numerical
results obtained using an NX Nastran shell-element model. These comparisons confirm the capability
of the proposed approach to accurately predict the natural frequencies of thin-walled composite beam
and frame structures.

Passive suppression of aeroelastic instability on composite panel in
supersonic flow
Araujo, Gabriel P. (gabriel.pa@usp.br), University of Sdo Paulo, Brazil

Ferreira, Anténio J.M. (ferreira@fe.up.pt), Faculty of Engineering of the University of Porto, Portugal
Marques, Flavio D. (fmarques@sc.usp.br), University of Sdo Paulo, Brazil

Aeroelastic panel flutter is a typical self-excited and self-sustained oscillation that can be potentially

destructive to structural skin components in the supersonic regime, often leading to fatigue and failure.
Recently, aeronautical structures have been redesigned to achieve more lightweight designs, which make
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them prone to aeroelastic effects and more susceptible to fatigue from sustained oscillations. With this
in mind, passive control devices are beneficial for dissipating energy and acting as safety mechanisms
while not relying on external actuation sources. In this context, Nonlinear Energy Sinks (NES) are
promising devices, exhibiting an inherently nonlinear coupling that enables passive vibration control
under various excitation conditions, including supersonic panel flutter. Whereas NESs have been applied
for panel flutter control, distributed NES configurations can enhance passive control performance by not
relying on careful optimization of device positioning and tuning. This work proposes a conceptual study
of multiple NES distributed on a composite panel subject to supersonic flow. The traditional cubic
NES will be employed as a conceptual nonlinear dissipator, while a periodic array will be considered
as a distribution strategy. Concerning the structural model, the originally two-dimensional simply-
supported composite plate problem will be reduced to one dimension by considering an infinitely large
width. Structural nonlinear behavior will be accounted for using the von Karman strain relation, which
introduces stretching effects. The resulting equations of motion will then be discretized and numerically
solved. The numeric characterization aims to understand the impact of NES distribution and its benefits
compared to a single optimally positioned NES.

Tensile mechanical behavior of 2D-SiCf/SiC composites under coupled
high-temperature and high-strain-rate loading

Li, Yihang (liyihang@mail.nwpu.edu.cn), Northwestern polytechnical university, China
Zhang, Chao (zc.chao@nwpu.edu.cn), Northwestern polytechnical university, China
Ma, Yong (ma_ yong@nwpu.edu.cn), Northwestern polytechnical university, China

Suo, Tao (suotao@nwpu.edu.cn), Northwestern polytechnical university, China

The tensile mechanical behavior of two-dimensional plain-woven silicon carbide fiber-reinforced silicon
carbide (2D-SiCf/SiC) composites was investigated over a wide temperature range (from room temper-
ature to ultra-high temperature of 1600 °C) and a broad strain-rate range (from quasi-static 10-5 s-1 to
dynamic 102 s-1). The experimental results demonstrate that both strain rate and temperature exert
significant influences on the tensile response of 2D-SiCf/SiC composites, including stress—strain behav-
jor, damage accumulation processes, fracture modes, and fiber pull-out length. Moreover, a certain
degree of coupling between temperature and strain rate is observed in the tensile response mechanisms.
The failure mechanisms were analyzed through in-situ and post-test microstructural observations, and
the damage evolution process was elucidated using strain fields obtained by digital image correlation
(DIC). In addition, the rate- and temperature-dependent behaviors of the constituent phases (fibers,
matrix, and interface) were theoretically analyzed. A micromechanics-based constitutive model was
employed to predict the stress—strain curves of the 2D-SiCf/SiC composites, thereby revealing the
deformation mechanisms under coupled high-temperature and high-strain-rate conditions.

Dynamic Modelling and Vibration Characteristics Analysis of Composite
Sandwich Cylindrical Shells

Dong, Bocheng (dbc84943527©163.com), Harbin Institute of Technology Nanyang Technological
University, China
Zhao, Rui (ruizhao®hit.edu.cn), Harbin Institute of Technology, China
Yu, Kaiping (kaipingyul968@gmail.com), Harbin Institute of Technology, China
Li, Jinze (pinkie.liz@gmail.com), Harbin Institute of Technology, China

To fulfill the stringent requirements for weight savings and mechanical capabilities in aerospace and
other critical engineering components, the deep integration of advanced composites into lightweight
sandwich cylindrical shell structures emerges as a promising strategy. This study develops novel sand-
wich cylindrical shells featuring two three-dimensional four-directional braided composite skins and a
pyramidal truss honeycomb core, and a theoretical dynamic model of the target structure under both
free vibration and forced vibration conditions are proposed, which may serve as prediction and evalu-
ation tools. The virtual spring technique is incorporated into the developed model to extend elastic
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constraints and enable flexible switching between arbitrary boundary conditions. In the framework of
the theoretical formulations constructed, explicit expressions for the effective mechanical properties
of spatially knitted composite skins and cellular cores are derived. Afterwards, the first-order shear
deformation shell theory and Jacobi-Ritz approach are utilized to deduce energy expressions, and the
mode shapes, inherent frequencies, response amplitude, and decay signature are obtained by adopting
the eigenparameter solutions and Newmark-Beta techniques. Compliant model parameters with low
running costs and guaranteed calculation precision are given in convergence analyses, which pave the
path for efficient data output and numerical calibration. After undertaking the model validation work,
the impact laws of key variables on the dynamic indicators are released, with some contributions being
made conducive to upgrading the vibration resistance capabilities.

Nonlinear Response of Composite Joint Structures under Thermo-Acoustic
Loads

Liu, Zhen (liuz@mail xjtu.edu.cn), Xi'an Jiaotong University, China
Peng, Jiali (), Xi'an Jiaotong University, China
Sun, Yachuan (), Xi'an Jiaotong University, China

To address the challenge of predicting the response of composite joint structures in aircraft operating
under high-temperature and intense acoustic environments, a study was conducted on joint structure
modeling and mechanical behavior based on parametric analysis methods. First, for a Chemical Vapor
Infiltration (CVI) hybrid joint structure, a multi-degree-of-freedom Hybrid-Bonded/Bolted(HBB) model
was used. The mechanical behavior of an adhesively bonded CVI-screw joint plate containing an
interlayer was investigated under thermo-acoustic loading. Furthermore, a multi-degree-of-freedom lwan
joint model considering nonlinear stiffness and damping was developed for composite joint structures,
enabling efficient dynamic response prediction of complex joint structures with group fasteners under
thermo-acoustic loading. This research provides a method for predicting the response of composite
joint structures in complex environments.

Parametric finite element investigation on the dynamic response of
delaminated composite laminates

Anilkumar, P. M. (a.nair@isd.uni-hannover.de), Institute of Structural Analysis, Faculty of Civil

Engineering and Geodetic Science, Leibniz University Hannover, Germany
Venkat, S. S. (s.venkat@isd.uni-hannover.de), Institute of Structural Analysis, Faculty of Civil

Engineering and Geodetic Science, Leibniz University Hannover, Germany

Scheffler, Sven (s.scheffler@isd.uni-hannover.de), Institute of Structural Analysis, Faculty of Civil
Engineering and Geodetic Science, Leibniz University Hannover, Germany

Elezz, R. A. (raed.abou.elezz@stud.uni-hannover.de), Institute of Structural Analysis, Faculty of Civil

Engineering and Geodetic Science, Leibniz University Hannover, Germany

Rolfes, Raimund (r.rolfes@isd.uni-hannover.de), Institute of Structural Analysis, Faculty of Civil
Engineering and Geodetic Science, Leibniz University Hannover, Germany

Delamination is among the most critical and challenging damage mechanisms in laminated compos-
ite structures, especially in wind turbine rotor blade components and aircraft structural parts, as it
significantly degrades stiffness and alters dynamic behavior while often remaining undetectable at the
surface. This work presents a comprehensive numerical investigation of the vibration response of de-
laminated carbon-fiber-reinforced polymer (CFRP) laminates, with particular emphasis on the effect
of delamination parameters on mode sensitivity and their implications for vibration-based structural
health monitoring. A fully parametric finite-element framework has been developed to model predefined
through-width delaminations of varying length and through-thickness location, while also considering
the possibility of embedded delaminations. Delamination interfaces are represented using linear elastic
cohesive zone models coupled with post-separation contact formulations to capture stiffness degrada-
tion, interface opening, and re-contact effects. Delamination growth is not modeled at this stage of the
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study, and geometric parameters such as delamination length and width are systematically varied across
all simulations. Linear modal analyses are conducted to establish baseline frequency shifts, comple-
mented by investigations into the influence of geometric imperfections and in-plane axial preload. The
results indicate that increasing delamination length generally leads to monotonic reductions in natural
frequencies, with the magnitude of the reduction strongly dependent on mode number and delamina-
tion depth. Higher-order modes exhibit the largest fractional frequency drops, while the fundamental
bending mode is most sensitive to mid-plane delaminations. Near-surface delaminations primarily affect
higher modes due to localized curvature and interlaminar shear effects. Delamination width influences
modal localization and mode ordering, whereas axial preload modifies baseline frequencies and can
amplify stiffness loss for larger delaminations. In contrast, geometric imperfection amplitudes are ob-
served to have only a minor effect on normalized frequencies. Based on the results obtained from the
finite-element framework, an efficient energy-based semi-analytical model is also proposed for initial
studies; however, further refinements are required to fully capture the observed behavior. Overall,
the findings demonstrate that vibration-based modal indicators, when interpreted with consideration of
mode number, delamination depth and width, and operational preload, provide a robust and physically
meaningful basis for delamination detection and characterization in composite laminates. The study
also provides insights to support future investigations into fatigue-induced delamination buckling and
associated effects arising from prolonged nonlinear dynamic loading conditions.

Performance Assessment of Composite Sandwich Structures for Enhanced
Passenger Passive Safety in Aircraft Seats through Numerical Simulations

De Marco, Robert (robert.demarco@unicampania.it), University of Campania “Luigi Vanvitelli”,
Department of Engineering, Italy
Garofano, Antonio (antonio.garofano@unicampania.it), University of Campania “Luigi Vanvitelli”,
Department of Engineering, Italy
Riccio, Aniello (aniello.riccio@unicampania.it), University of Campania “Luigi Vanvitelli”, Department
of Engineering, Italy

Sandwich structures with lattice-based cores, embedded within composite structural components and
optimized for additive manufacturing, provide an effective solution for impact energy dissipation and
passive safety improvement. By combining low weight and compact geometry with high energy absorp-
tion capability, these systems can be tailored to fit within existing composite assemblies and positioned
in critical zones close to passengers. In the aerospace sector, such integrated composite sandwich
structures may be incorporated into fuselage frames, interior panels, and seat architectures to enhance
crashworthiness and mitigate risks during crash landings. This study focuses on the design and ef-
fectiveness evaluation of composite sandwich structures with lattice-based cores aimed at enhancing
occupant safety in aircraft seating systems. Recognizing the critical importance of mitigating injury
risks during impact events, the research positions these lattice-core sandwich systems as a key innova-
tion, capable of significantly improving energy absorption and dissipation. The work is driven by the
need for advanced protective solutions that can be effectively integrated into the confined and dynamic
environment of aircraft cabins, where conventional safety measures may be insufficient. Several con-
figurations of composite sandwich structures have been systematically investigated by varying both the
lattice-based core microarchitecture and the choice of materials compatible with additive manufacturing
(AM) processes. These variations aim to optimize the structural response and energy absorption capa-
bilities of the sandwich system when integrated into aircraft seating assemblies. To this end, a Finite
Element (FE) model of the aircraft seat, incorporating the composite sandwich structures in their dif-
ferent core configurations, was developed in LS-DYNA to simulate dynamic sled tests under controlled
impact scenarios. An FE-based anthropomorphic test device (ATD) was included in the simulations to
replicate forward-impact conditions against the front seat, enabling a detailed assessment of the energy
dissipation performance of each sandwich configuration. Key metrics, such as the Head Injury Criterion
(HIC), were employed to quantitatively evaluate passenger safety and the effectiveness of the compos-
ite sandwich structures in reducing injury risks. The study also explores the influence of core density,
lattice topology, and face-sheet material properties on the overall impact response, providing insights
into how different design choices affect energy absorption. The overarching objective of this work is to
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identify the optimal composite sandwich structure configuration capable of maximizing passive safety
for occupants. By combining advanced lattice-core designs with lightweight composite materials, these
integrated structures not only offer superior energy dissipation but also can be tailored for strategic
placement within seat systems and cabin components. This research highlights the potential of com-
posite sandwich structures to serve as a transformative approach for improving crashworthiness in the
confined and dynamic environment of business jet cabins, where conventional safety solutions may be
limited.

Experimental Investigation of Thermally Dependent Nonlinear Dynamics in
a Bimetallic Beam

Pellicano, Francesco (francesco.pellicano@unimore.it), University of Modena and Reggio Emilia, Italy
Zippo, Antonio (antonio.zippo®@unimore.it), University of Modena and Reggio Emilia, Modena, Italy,
Italy

This study presents a comprehensive experimental investigation of the temperature-dependent nonlinear
dynamics of a bi-metallic beam composed of aluminum alloy and copper layers joined by explosive weld-
ing. The focus is placed on the coupled influence of thermal loading, material heterogeneity, geometric
nonlinearity, and damping evolution on structural stability and vibration characteristics. While ther-
mal buckling and vibration of beams have been extensively addressed through analytical and numerical
approaches, experimental studies capable of capturing the combined effects of thermal stresses, large
deflections, nonlinear stiffness, and temperature-dependent dissipation—particularly across the buckling
transition—remain limited. To fill this gap, an extensive experimental campaign was carried out using
impact hammer testing, random excitation, and stepped-sine base excitation. The beam was mounted
on an electrodynamic shaking table and tested inside a controlled climate chamber, enabling precise
regulation of the environmental temperature over the range 5°C-70°C. This setup allowed the identifi-
cation of modal parameters and nonlinear frequency—response curves under large-amplitude vibrations
and varying thermal conditions. The experimental results reveal a pronounced and non-monotonic evo-
lution of the fundamental natural frequency with temperature. As the temperature increases toward
the critical buckling threshold (approximately 30°C), the fundamental frequency progressively decreases,
exhibiting a total reduction of nearly 32% due to thermally induced compressive stresses and stiffness
softening. Beyond the critical temperature, in the post-buckling regime, the frequency partially recovers
as geometric stiffening effects become dominant. This transition clearly highlights the interplay between
thermal stress softening and post-buckling structural reconfiguration. The damping ratio shows an op-
posite trend, increasing significantly as the beam approaches instability and reaching a maximum value
of approximately 3.5% around 35°C. This behavior suggests enhanced energy dissipation mechanisms
near the buckling condition, potentially associated with micro-slip at the material interface and nonlinear
strain distribution. For comparison purposes, a uniform aluminum beam was also tested under identical
thermal conditions to isolate the effects of material coupling and differential thermal expansion. The
comparison confirms that the complex dynamic behavior observed in the bi-metallic configuration is
primarily governed by the mismatch in thermal expansion coefficients and the resulting internal stress
redistribution. At the buckling threshold, nonlinear frequency—response curves exhibit a clear softening-
to-hardening transition, indicating a change in the effective nonlinear stiffness as the structure evolves
from pre-buckled to post-buckled configurations. This transition is consistently observed across different
excitation levels and represents a key experimental evidence of temperature-driven nonlinear stiffness
modulation. Overall, the results provide new experimental insights into the thermal dependence of
nonlinear vibrations in layered metallic structures. The findings contribute to a deeper understanding of
stability-driven dynamic phenomena and offer valuable guidelines for the design, reliability assessment,
and performance optimization of thermally loaded multi-material components commonly employed in
aerospace, mechanical, and energy systems. The authors acknowledge the support by NATO grant SPS
program, project G6176 “Composite Metamaterials for Aerospace Structures — CoMetA”.
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Experimental Study of Thermally Induced Nonlinear Vibrations in a
Bio-Inspired Metamaterial Beam

Zippo, Antonio (antonio.zippo@unimore.it), University of Modena and Reggio Emilia, italy
Pellicano, Francesco (francesco.pellicano@unimore.it), University of Modena and Reggio Emilia, italy

This study presents a comprehensive experimental investigation of the temperature-dependent nonlinear
dynamics of a bio-inspired metamaterial beam featuring an architected internal layout designed to emu-
late natural compliant—stiff hierarchical systems. The focus is placed on the coupled influence of thermal
loading, architectural heterogeneity, geometric nonlinearity, and temperature-driven dissipation on struc-
tural stability and vibration characteristics. While thermally induced buckling and nonlinear vibration of
beams have been widely explored through analytical and numerical methods, experimental studies able
to describe the combined effects of thermal stresses, large deflections, amplitude-dependent stiffness,
and evolving damping—especially across thermally triggered stability transitions in architected metama-
terials—remain limited. To address this gap, an extensive experimental campaign was conducted using
impact hammer testing, broadband random excitation, and stepped-sine base excitation. The specimen
was mounted on an electrodynamic shaker and tested inside a controlled climate chamber, enabling
precise regulation of the ambient temperature over the range 5°C-70°C. This setup allowed robust identi-
fication of modal parameters and nonlinear frequency—response curves under large-amplitude oscillations
and varying thermal conditions. The experimental results reveal a pronounced and non-monotonic evo-
lution of the fundamental natural frequency with temperature, governed by the competition between
thermally induced stress states and architecture-enabled reconfiguration mechanisms. As temperature
increases toward a critical instability threshold, the fundamental frequency progressively decreases, ex-
hibiting a total reduction of nearly 30% due to effective stiffness softening driven by thermally activated
compliance in the micro-architecture (e.g., strut bending, cell-wall rotation, or programmed ligament
deformation) and compressive pre-stress buildup. Beyond the critical temperature, in the post-instability
regime, the frequency partially recovers as the metamaterial transitions into a reconfigured load path
where geometric stiffening and engagement of secondary structural members become dominant. This
transition highlights the interplay between thermal softening at the unit-cell level and post-buckling
structural rearrangement at the macroscale, a hallmark of bio-inspired architected systems. The damp-
ing ratio exhibits an opposite trend, increasing markedly as the structure approaches instability and
reaching a maximum value of approximately 3.5% around 35°C. This behavior indicates enhanced
energy dissipation near the transition, plausibly linked to frictional micro-interactions, local contact
events between architectural features, viscoelastic contributions (if polymeric or hybrid constituents are
present), and spatially non-uniform strain localization intrinsic to bio-inspired layouts. For comparison,
a geometrically equivalent uniform beam (without internal architecture) was tested under identical ther-
mal conditions to isolate the effects of metamaterial architecture from baseline material behavior. The
comparison confirms that the complex dynamic response in the bio-inspired metamaterial configura-
tion is primarily governed by temperature-mediated architectural mechanisms—including internal stress
redistribution, constraint activation, and unit-cell deformation mode switching—rather than by homo-
geneous material softening alone. Near the critical temperature, nonlinear frequency—response curves
show a clear softening-to-hardening transition, indicating a change in the effective nonlinear stiffness as
the system evolves from a pre-instability regime dominated by compliant architectural modes to a post-
instability regime where geometric constraints and engaged members introduce a hardening backbone.
This transition is consistently observed across excitation levels and provides key experimental evidence
of temperature-driven nonlinear stiffness modulation enabled by bio-inspired metamaterial design. Over-
all, the results offer new experimental insights into the thermal dependence of nonlinear vibrations in
architected bio-inspired structures. The findings advance the understanding of stability-driven dynamic
phenomena in metamaterials and provide practical guidance for the design, reliability assessment, and
performance optimization of thermally exposed, vibration-sensitive components in aerospace, mechan-
ical, and energy applications. The authors acknowledge the support by NATO grant SPS program,
project G6176 “Composite Metamaterials for Aerospace Structures — CoMetA".

105

abst. 1400
CIMA
Wednesday
June 24
17h50



abst. 1027
TIGELLIO
Thursday
June 25
15h10

abst. 1053
TIGELLIO
Thursday
June 25
15h30

Experimental Methods

Mechanical Performance Assessment of Sustainable Composites for Electric
Two-Wheeler Chassis Applications

Pereira, Anténio Bastos (abastos@ua.pt), University of Aveiro, Portugal
Constantinescu, Gabriel (gabriel.constantinescu@ua.pt), University of Aveiro, Portugal
Silva, Nélia (neliasilva@ua.pt), University of Aveiro, Portugal
Henriques, Mario Sousa (mj.henriques@mhs.pt), MHSi Factory Hub, Lda., Portugal

The accelerating shift toward electric mobility has intensified the need for sustainable engineering ma-
terials capable of combining high mechanical performance with a reduced environmental footprint.
Lightweight composite structures are essential in electric vehicle design, as they lower overall mass,
extend driving range, and enhance energy efficiency. Within this context, natural-fiber-reinforced com-
posites are emerging as compelling alternatives to traditional synthetic reinforcements such as carbon
or glass fibers. Their renewability, reduced embodied energy, and interesting specific properties posi-
tion them as promising candidates for next-generation vehicle components. This study evaluates the
mechanical performance of environmentally conscious biaxial non-crimp fabric composites intended for
integration into the chassis of two-wheeled electric vehicles. Three fiber systems, carbon, linen, and
glass, were combined with appropriate resin matrices to manufacture structural laminates. A compre-
hensive mechanical characterization program was carried out following ISO standards, assessing tensile,
compressive, shear, and flexural responses. Key parameters analyzed include tensile strength, elastic
modulus, Poisson’s ratio, strain at failure, and overall stiffness behavior. Results show that carbon-fiber
composites, manufactured with a synthetic epoxy resin, deliver the highest structural performance,
reaching a tensile strength of 1126 MPa and exhibiting superior stiffness. Linen-reinforced laminates,
although presenting a lower tensile strength of 102 MPa, demonstrated the largest strain at rupture,
revealing a notably ductile behavior advantageous for impact-tolerant components. Glass-fiber com-
posites displayed 351 MPa tensile strength, a cost-strength compromise economic solution, maintaining
moderate elasticity and acceptable failure strain, confirming their relevance in cost-sensitive designs.
The work forms part of a broader initiative aimed at developing a next-generation smart electric scooter
with an emphasis on eco-efficient materials and innovative structural concepts. Beyond durability and
lightweighting, the project prioritizes aesthetic value and the integration of low-impact or recycled con-
stituents. The mechanical data gathered in this study will support advanced numerical simulations and
optimization procedures for the vehicle frame, enabling a design that balances sustainability, safety,
and visual appeal. Funding: This work was developed in the scope of the Project AM2R — Agenda
Mobilizadora para a inovagdo empresarial do setor das Duas Rodas” [C644866475-00000012 — project n.
15], financed by PRR — Recovery and Resilience Plan under the Next Generation EU from the European
Union, and has laboratory support of the Centre for Mechanical Technology and Automation (TEMA).

Linen composites in the development of a new lightweight bike —
mechanical testing

Silva, Nélia (neliasilva@ua.pt), University of Aveiro, Portugal
Pereira, Anténio Bastos (abastos@ua.pt), University of Aveiro, Portugal
Constantinescu, Gabriel (gabriel.constantinescu@ua.pt), University of Aveiro, Portugal
Henriques, Mario Sousa (mj.henriques@mhs.pt), MHSi Factory Hub, Lda., Portugal

The growing demand for sustainable and lightweight bicycles has intensified interest in natural fi-
bre—reinforced composites as alternatives to conventional metallic and synthetic composite materials.
Among these, linen (flax) fibre composites offer a compelling balance between low density, renewable
sourcing, and favourable mechanical compliance. This study investigates the mechanical behaviour of
biaxial non-crimp fabric (NCF) linen composites intended for the structural and semi-structural compo-
nents of a new lightweight bicycle frame. Vacuum-infused £45° and [0°,90°] linen NCF laminates were
manufactured using a partially bio-based epoxy system and post-cured under industrially relevant con-
ditions. Mechanical characterization was conducted following international standards, including tensile
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(ISO 527-4), flexural (ISO 14125), compressive (ISO 14126), and in-plane shear (ISO 14129) testing.
Full-field strain measurements were obtained using 3D Digital Image Correlation to capture strain mech-
anisms and failure modes. The results demonstrate that linen composites exhibit moderate strength and
stiffness but good deformation capability. Tensile strengths around 100 MPa and compressive strengths
near 75 MPa were measured, accompanied by low elastic moduli ( 6 GPa in tension and compression).
In contrast to their limited load-bearing capacity, linen laminates sustained significantly higher failure
strains, reaching approximately 2% in tension, over 4.5% in compression, and shear strains exceeding
5%. Flexural tests further revealed large deflections at failure, highlighting strong energy-absorption
potential. These characteristics make linen composites attractive for bicycle applications where vibra-
tion damping, impact tolerance, and rider comfort are critical, such as rear stays, forks, or integrated
energy-absorbing zones. While not intended to replace high-stiffness materials in primary load paths,
linen NCF composites provide a sustainable solution for non-critical structural components, support-
ing weight reduction and reduced environmental impact in next-generation lightweight bicycle design.
Funding: This work was developed in the scope of the Project AM2R — Agenda Mobilizadora para a
inovacdo empresarial do setor das Duas Rodas’ [C644866475-00000012 — project n. 15], financed by
PRR — Recovery and Resilience Plan under the Next Generation EU from the European Union, and has
laboratory support of the Centre for Mechanical Technology and Automation (TEMA).

Corrosion effect on axial compressive behaviour of additively and
conventionally manufactured CFRP tubes

Vukeli¢, Goran (goran.vukelic@pfri.uniri.hr), University of Rijeka, Faculty of Maritime Studies, Croatia
Mihaljec Benjamin (benjamin.mihalec@pfri.uniri.hr), University of Rijeka, Faculty of Maritime
Studies, Croatia

This study examines the effect of seawater exposure on the crashworthiness of conventionally manu-
factured and additively manufactured (AM) carbon fiber-reinforced polymer (CFRP) composite tubes
under quasi-static compression. CFRP composites are widely used in marine structures due to their
high strength-to-weight ratio and inherent corrosion resistance; however, prolonged exposure to harsh
marine environments can alter their mechanical response. To assess these effects, quasi-static crushing
tests were conducted on composite tubes after one month of immersion in natural seawater. The spec-
imens were fabricated using both conventional hand lay-up and additive manufacturing (3D printing)
techniques, enabling a direct comparison between the production methods. Analysis of the compres-
sion behavior revealed a pronounced reduction in maximum crushing force following seawater exposure,
particularly in AM specimens. In contrast, hand lay-up composites demonstrated greater retention of
structural integrity. The findings provide valuable insight into the mechanical behavior of CFRP com-
posites in marine environments and offer guidance in the introduction of AM composite-based maritime
structures.

Mechanical Characterization, Analysis, and Modeling of FRP under
Quasi-static and Fatigue Loading Conditions

Merzkirch, Matthias (m.merzkirch.dic@gmail.com), Research Institutes of Sweden (RISE), Sweden

The contribution presents a methodology for fatigue lifetime prediction of Glass Fiber Reinforced Poly-
mer (GFRP) composite laminates in multiple stacking configurations. Besides mechanical characteri-
zation under quasi-static loading, the investigations include examination under cyclic fatigue tension-
tension loading which are of vital importance for the desired applications for future use in e.g. au-
tomotive. The optical investigations presented include the use of a machine vision camera for image
analysis and image processing. The aim is an automated feature extraction of GFRP using optical
non-destructive damage detection based on computer vision for pattern recognition, instead tedious
by-eye measurement. The experimental and data-driven analytical investigations and - Advanced data
reduction are accompanied by analytical modeling. Based on the quasi-static behavior approaches for
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predictions of the performance of FRP under cyclic loading are presented. Lifetime prediction of GFRP
under fatigue loading is carried out using the results from the optical investigations under quasi-static
loading. A quantification of stiffness degradation via a deduction of three different types of modulus is
provided for fatigue loading.

An innovative methodology for the gigacycle fatigue characterization of
composite materials under biaxial loads

Boursier Niutta, Carlo (carlo.boursier@polito.it), Politecnico di Torino, Italy
Tridello, Andrea (andrea.tridello@polito.it), Politecnico di Torino, ltaly
Paolino, Davide Salvatore (davide.paolino@polito.it), Politecnico di Torino, Italy

The mechanical characterization under multiaxial loading conditions, typically encountered in real-world
applications, requires dedicated methodologies and setups. In the literature, tubular specimens are usu-
ally employed for combining axial and torsional loads, while the material response under biaxial in-plane
loads is assessed through cruciform specimens. In the case of composite materials, the biaxial fatigue
characterization is of particular interest. However, this is severely limited to tension-tension tests, as
compressive loads likely induce the inelastic buckling response. Moreover, the fatigue characterization is
still limited to the High Cycle Fatigue (HCF) regime. In this work, we propose an innovative methodol-
ogy for the gigacycle fatigue characterization of composite materials under biaxial loads. To accelerate
the fatigue test and investigate the Very High Cycle Fatigue (VHCF) response, an ultrasonic testing
setup is adopted. In this setup, all the components resonate at 20 kHz according to the longitudinal
mode. A piezoelectric transducer converts the electric signal provided by a generator into a mechan-
ical vibration, which is then amplified by a booster and a horn. For the specimen design, a cruciform
geometry is selected to enable in-plane biaxial excitation at resonance. A quasi-isotropic GFRP lami-
nate manufactured from unidirectional prepreg is here adopted, whose material properties are initially
identified through the Impulse Excitation Technique (IET). An optimization process based on Finite
Element (FE) modal analyses is here proposed for the specimen design which aims at maximizing the
in-plane stress amplitude and at ensuring frequency isolation of the target mode. The first advantage of
the technique is that, during the test, the specimen vibrates at 20 kHz, thus allowing the investigation
of the VHCF response in reasonable testing duration. Secondly, by vibrating according to its biaxial
longitudinal mode, the methodology allows to perform fully reversed fatigue test without the occurrence
of buckling. Finally, the ratio between the axial stresses along the two perpendicular directions of the
specimen arms can be tuned by modifying the specimen geometry. As such, a unique setup can be
used to investigate different loading conditions. Optimal specimens are identified for different stress
ratios and validated by comparing the displacement fields measured in the ultrasonic test through a
high-speed camera and computed in the FE analysis. The agreement between the experimental and
numerical results confirmed the effectiveness of the design strategy and of the proposed ultrasonic
methodology for biaxial fatigue tests of composites.

Experimental and Machine Learning Prediction of Springback in Brass Alloy
Sheet Metal V-Bending

Asmael, Mohammed (m.asmael@qub.ac.uk), queen’s university Belfast, United Kingdom
Meda, D. P. (dkmeda@gmail.com), Eastern Mediterranean University, Cyprus
Al Mahmoud, Zummurd (zummurd.mahmoud@emu.edu.tr), Eastern Mediterranean University,
Cyprus
Rahman, Arfauz A. (arfauz.arahman@qub.ac.uk), queen’s university Belfast, United Kingdom
Safaei, Babak (Babak.Safaei@emu.edu.tr), Eastern Mediterranean University, Cyprus

In this study, springback is investigated in v-bending for yellow brass material (UNS C27000 brass). The

investigation of the springback will consider three parameters. The selected parameters to be varying
will be the thickness of sheet metal (1.5, 3 and 5mm), the die opening (22 and 35mm), and the punch
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holding time (0 5 and 10 seconds) and all the other parameters will remain constant like the die angle
and punch angle (85°). A full factorial multilevel DOE method is used to conduct the experimental
test. Experimental investigation results are compared with machine learning prediction methods. ANN
and SVM methods are used to predict the springback. The analysis of the result done with ANOVA
showed interesting facts. The Pareto chart reveals that in comparison with the two other parameters,
the sheet thickness has the highest significant effect on the springback and the die opening has the
lowest significant effect. In overall the metal behaved approximately like the other metals because the
springback decreased when the die opening increased and also when the holding time increased, and
also when the sheet thickness increased. However, the brass material went in contradiction with the
previous researches on the 3mm sheet thickness.

Thermal Conductivity Enhancement of Cu Nanoparticle Coatings by Intense
Pulsed Light Sintering Evaluated Using a TPS Stacking Method

Park, Yeong-Ju (chi54@kitech.re.kr), Korea Institute of Industrial Technology, South Korea
Kim, Kwang-Seok (ore21@kitech.re.kr), Korea Institute of Industrial Technology, South Korea

Due to the continuous miniaturization and increasing power density of power modules and portable
electronic devices, efficient thermal management has become a critical factor for ensuring device relia-
bility. In particular, thermal conductive coatings applied to components such as chips and modules play
an important role in spreading and dissipating generated heat. When a coating layer is fabricated using
nanoparticle (NP) ink, close interconnection between NPs forms continuous heat flow paths within the
coating. Metal NPs exhibit rapid and efficient heat transfer through free-electron conduction and elec-
tron—phonon coupling. Therefore, accurate evaluation of the thermal conductivity of NP-based coating
layers is essential for effective thermal management design. However, coating layers composed of NPs
generally possess mechanical weakness and cannot be easily fabricated as freestanding films. As a result,
the measured thermal conductivity is significantly affected by the substrate thermal interference. To
overcome this limitation, this study employed a transient plane source (TPS) method with a stacking
configuration to minimize the influence of the substrate and evaluate the effective thermal conductivity
of the coating layer. For the experiment, Cu NP paste was screen-printed onto a glass substrate to form
a coating layer with a thickness of a few micrometers. The coating layer was then subjected to intense
pulsed light (IPL) irradiation with an energy density ranging from 7.42 to 34.38 J cm®. To measure
thermal conductivity using the TPS method, a four-layer stacked structure composed of alternating
glass substrates and Cu NP coating layers was prepared. The experimental results showed that the
thermal conductivity of the coating layer increased by up to 93.5% compared with the non-irradiated
coating. This improvement is attributed to the photothermal effect during IPL irradiation, where ab-
sorbed light energy is converted into heat, leading to the volatilization of organic binders and enhanced
interparticle necking between Cu NPs, which forms continuous conductive pathways. Based on the
experimental correlation between IPL energy density and thermal conductivity, the proposed approach
provides a basis for estimating coating thermal conductivity under different annealing conditions. This
provides a practical guideline for designing coating layers that meet various heat dissipation performance
requirements in electronic devices.
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FRP reinforced structures

Revolutionising offshore wind: FRP-Reinforced concrete foundations for
floating turbines

Zeng, Junjie (jun-jie.zeng@unisa.edu.au), Adelaide University, Australia
Zhuge, Yan (yan.zhuge@unisa.edu.au), Adelaide University, Australia

Offshore floating wind turbines (FOWTs) are emerging as a key technology for harnessing deep-sea wind
resources, yet their conventional steel foundations suffer from severe corrosion, fatigue, and high main-
tenance costs. Recent advances in fiber-reinforced polymer (FRP) reinforced ultra-high-performance
concrete (UHPC) — termed FRU composites — offer a durable and sustainable alternative. FRU com-
posites combine the ultra-high compressive strength and durability of UHPC with the tensile capacity
and corrosion resistance of FRP reinforcement, eliminating the need for steel in aggressive marine envi-
ronments. This paper presents development and comparative studies of FRU for marine construction,
as well as hydrostatic and hydrodynamic performance of FRU versus steel foundations for 10 MW float-
ing wind turbines. Results demonstrate that FRU is excellent in mechanical properties and durability
under marine environemnt, and the foundations exhibit lower centers of gravity, improved resistance to
overturning, and reduced surge and pitch responses under coupled wind-wave-current conditions. These
improvements not only enhance structural stability and energy efficiency but also significantly reduce
lifecycle costs. The paper also discusses durability assessments, design methodologies, and pathways
for industrial adoption of FRU-based floating foundations towards carbon reduction, highlighting their
potential to revolutionize offshore renewable energy infrastructure.

Machine-learning—guided interpretable development of explicit bond
strength equations for FRP-UHPC systems across different design codes

Zhang, Pei-Fu (peifu.zhang@sjtu.edu.cn), Shanghai Jiao Tong University, China
Zhang, Daxu (daxu.zhang@sjtu.edu.cn), Shanghai Jiao Tong University, China

Accurate prediction of bond strength between fibre-reinforced polymer (FRP) bars and ultra-high-
performance concrete (UHPC) is critical for the design reliability and durability of high-performance
composite structures. Existing design provisions in major standards, such as the American Concrete In-
stitute (ACI) 440.1R-15 and the Canadian Standards Association (CSA) S806, employ distinct equation
formats, including additive and multiplicative formulations, yet both rely largely on simplified empirical
assumptions that struggle to represent the nonlinear and threshold-dependent bond behaviour observed
in FRP-UHPC systems. This study proposes a unified machine learning (ML)-guided framework for
developing interpretable and code-compatible explicit bond strength equations applicable to different
design code structures. A comprehensive database comprising 290 pullout test results of glass fibre-
reinforced polymer (GFRP) bars embedded in UHPC is established, covering key geometric and material
parameters, including cover-to-diameter ratio, bonded-length-to-diameter ratio, rib-height-to-diameter
ratio, and concrete compressive strength. Random Forest and XGBoost models are trained to capture
complex nonlinear interactions, and SHapley Additive exPlanations (SHAP) are employed to decompose
ML predictions into parameter-wise contributions with clear physical meaning. For additive code for-
mats such as ACl 440.1R, SHAP contributions are directly fitted using physically interpretable nonlinear
functions, including saturation, exponential-decay, and extreme-type relationships, and integrated into
an ACl-style additive equation. For multiplicative code formats such as CSA S806, a logarithmic map-
ping strategy is introduced to transform multiplicative modification factors into an additive explanatory
space, enabling SHAP-based interpretation and subsequent reconstruction of explicit factor expressions
through exponential mapping. The resulting ML-guided equations significantly outperform their original
code counterparts, achieving R2 values up to 0.84 for the ACl-type formulation and 0.86 for the CSA-
type formulation, while preserving transparency and explicit calculability. Parametric analyses further
demonstrate the ability of the proposed equations to capture nonlinear confinement effects, load-transfer
mechanisms, and mechanical interlock behaviour that are overlooked by conventional linear or empirical
models. Overall, this study establishes a general and extensible ML-guided paradigm for embedding
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explainable artificial intelligence into diverse code-format design equations, providing a robust pathway
toward intelligent, interpretable, and standardised bond strength formulations for FRP—-UHPC and other
next-generation composite systems.

Out-of-plane bending behaviour of CLT panels reinforced with GFRP bars
in tension zone

Simovié, Nada (nsimovic@grf.bg.ac.rs), Faculty of Civil Engineering, University of Belgrade, Serbia
Glisovi¢, Ivan (ivang@grf.bg.ac.rs), Faculty of Civil Engineering, University of Belgrade, Serbia
Todorovi¢, Marija (todorovicm@grf.bg.ac.rs), Faculty of Civil Engineering, University of Belgrade,
Serbia

Cross laminated timber (CLT) is relatively new engineering timber composite product made by gluing
orthogonally oriented layers of solid timber boards (laminations), thus forming large-scale panels. CLT
panels are usually fabricated with an odd number of layers (typically three, five or seven layers) indicating
dominant bearing direction. Having both in- and out-of-plane resistance, CLT panels can be used either
as wall, floor, roof or stairs elements. They present an efficient and sustainable alternative solution
to more traditional construction materials for single- and multi-storey buildings. Integration of various
materials with timber is frequently used to enhance mechanical performance and reliability of timber
structures. Advanced composite materials, such as fibre reinforced polymers (FRP), can be used as
reinforcement for these purposes, as they have many important advantages (low weight, high mechanical
properties, easy installation, high durability). Previous studies have proven good compatibility and
complementarity of characteristics between FRP and both solid timber and glulam. This research aims
to assess the feasibility of employing glass fibre reinforced polymer (GFRP) bars as reinforcement for
cross laminated timber (CLT) panels. Experimental research included bending tests of unreinforced
(control) CLT panels and CLT panels reinforced with GFRP bars in tension zone. A total of 15 panels
were tested — five unreinforced CLT panels (Series A), five CLT panels reinforced with three GFRP
bars (Series B) and five CLT panels reinforced with six GFRP bars (Series C) in tension zone. All CLT
panels were made of softwood (spruce) classified in the strength class C24 according to EN 338. CLT
panels had a length of 440 cm, width of 50 cm and thickness of 15 cm. Panels consisted of five 3
cm thick layers. GFRP bars with a nominal diameter of 12 mm were placed along the near-surface
grooves that were cut into panels along their entire length. In that way, reinforcement was hidden and
protected by the surrounding wood. Epoxy adhesive was used to bond GFRP bars. Reinforcement was
symmetrically distributed in the outer longitudinal layer in tension zone using a relatively small amount
of composite material with reinforcement percentage of 0.45% for Series B and 0.90% for Series C. All
specimens were tested in out-of-plane bending until failure as simply supported beams with a span of
420 cm symmetrically loaded with two concentrated forces at a distance of 90 cm, in accordance with
EN 16351. The bending tests were performed in the main bearing direction of CLT panels. The bending
behaviour of reinforced CLT panels was compared with unreinforced CLT panels regarding failure modes,
load-deflection relationship, load-carrying capacity and bending stiffness. Unreinforced panels showed
linear-elastic behaviour until the brittle tensile failure in bottom layers. GFRP reinforcement had a big
influence on bending performance and global behaviour of CLT panels. Behaviour of reinforced panels
was linear-elastic until the appearance of local damages caused by wooden knots or finger joints in
the outer longitudinal layer in tension zone. Activation of GFRP bars caused nonlinear load-deflection
behaviour for both reinforced series that ended with tensile failure of timber. Although reinforcement
cannot prevent initial opening of cracks, it can limit their further propagation. Improvement in load-
carrying capacity and bending stiffness of reinforced over unreinforced panels was evident. Compared to
unreinforced panels, ultimate load was increased by approximately 10% for Series B and 27% for Series
C. Increase in bending stiffness was around 7% and 12% for Series B and C, respectively, compared to
Series A. Sign of plastification in timber in the compression zone was observed in panels with higher
reinforcement percentage (Series C). Proposed reinforcement technique is quite easy to implement,
achieving excellent bond quality between CLT and GFRP bars using epoxy adhesive. Reinforcing panels
in the tension zone allows efficient use of nonlinear compressive characteristics of timber and introduces
nonlinearity into the global behaviour of panels which enables less brittle failure compared to the
unreinforced panels. Reinforcement significantly improves load carrying capacity, stiffness and ductility
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of CLT panels. Varying percentage and arrangement of reinforcement can optimise performance of CLT
panels.

The influence of orientation and reinforcement basis weight on the strength
and performance properties of CFRP laminates and their joints

Arkuszynska Angelika (angelika.arkuszynska@wat.edu.pl), Military University of Technology in
Warsaw, Poland
Roskowicz, Marek (marek.roskowicz@wat.edu.pl), Military University od Technology in Warsaw,
Poland

Carbon fibre reinforced polymer composites are key structural materials in modern aviation due to
their favorable strength-to-weight ratio, high stiffness and resistance to corrosion and fatigue. CFRP
applications include both primary structural elements of airframes and secondary components, where
mechanical properties, durability, and the ability to integrate with other materials are also significant.
One of the important design issues remains the joining of composite elements. Despite the dynamic
development of bonding techniques, mechanical joints, in particular screw joints, are still widely used in
aerospace structures due to their disassembly, technical condition control, and predictability of failure
mechanisms. The mechanical properties of CFRP laminates are characterised by strong anisotropy, due
to the orientation of the fibres and the reinforcement architecture. The layer arrangement determines
the distribution of stiffness and load-bearing capacity in different load directions and influences the
mechanisms of damage initiation and propagation. The basis weight of the fabrics determines the
volume fraction of the fibres, the thickness of the layers and the ability of the laminate to transfer static
and dynamic loads, which is particularly important in the area of holes and mechanical joints. The aim
of the research is to assess the influence of fibre orientation and the basis weight of reinforcing fabrics
on the strength and performance properties of CFRP laminates and their bolted joints. Laminates with
different layer arrangements (including [0/90], [£30] and [+45]) and weights ranging from 90 to 160
g/m?. The results of the research show that quasi-isotropic materials are more suitable due to the
significant deterioration of the mechanical properties of orthotropic composites outside the direction
of the reinforcement fibres. The results indicate that the use of reinforcement with a higher weight
leads to a significant increase in the Young's modulus and tensile strength of the laminate, and the
scale of this effect is strongly dependent on the architecture of the layer arrangement. The load-bearing
capacity of bolted joints in the case of composites reinforced with higher-weight fabric was twice as
high, with a significant influence of fibre orientation on the dominant failure mechanism and fatigue life
of the joints.

Long-term durability of GFRP rebars in the alkaline environment under
sustained loading using machine learning and empirical modelling

Igbal, Mudassir (mudassiriqbal29@sjtu.edu.cn), Shanghai Jiao Tong University, China
Zhao, Xiao-Lin (xiao-lin.zhao®@polyu.edu.hk), The Hong Kong Polytechnic University, Hong Kong
Zhang, Daxu (daxu.zhang@sjtu.edu.cn), Shanghai Jiao Tong University, China

The use fiber-reinforced polymer (FRP) bars to reinforce concrete offers an effective way to elimi-
nate steel-corrosion problems owing to the material’s inherent corrosion resistance. While the alkaline
durability of glass-FRP (GFRP) reinforcement has been widely investigated, most studies have over-
looked the simultaneous effect of sustained loading. This research exam-ines the synergistic effects of
sustained loading and alkaline degradation on the mechanical re-sponse of GFRP rebars. Two GFRP
rebars (Epoxy/vinyl ester-based) were considered: bare bars and concrete-embedded bars, immersed
in an alkaline medium. A total of 308 tensile-tested specimens were averaged to obtain 107 datasets.
Eleven input parameters were used to evaluate the degradation process. To forecast long-term perfor-
mance, an XGBoost machine learning model was developed to predict residual tensile strength, enabling
the calculation of an envi-ronmental reduction factor (CE). SHAP analysis of the model corroborated
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experimental find-ings, identifying a two-stage degradation process: an initial rapid loss of strength,
followed by a more gradual decline. The study further established that sustained loading only becomes
detri-mental when it exceeds 20% of the rebar's ultimate strength. Finally, a predictive mathematical
model was formulated by integrating SHAP values with multiple linear regression, and a comparative
analysis of different environmental reduction factor approaches is provided.

A Unified Fracture Mechanics Framework for the Life Cycle Performance of
RC Elements with Prestressed FRP

Slaitas, Justas (justas.slaitas@vilniustech.lt), Vilnius Gediminas Technical University, Lithuania
Valivonis, Juozas (juozas.valivonis@vilniustech.It), Vilnius Gediminas Technical University, Lithuania

The structural performance of reinforced concrete (RC) members strengthened with fibre reinforced
polymers (FRP) is primarily governed by the stress transfer mechanisms at the composite-to-concrete
interface. While the application of prestressed CFRP laminates effectively enhances serviceability by de-
laying crack initiation, it necessitates a rigorous accounting for bond stiffness degradation and anchorage
zone stability. Current design approaches often rely on isolated models for bond and flexure, which may
fail to capture the complex interaction between interface slip and macro-cracking. This work presents a
unified analytical framework based on fracture mechanics to evaluate the life cycle performance of RC
elements strengthened with prestressed FRP. The methodology integrates the non-linear behaviour of
the bond-slip interface with the flexural response of the normal section. A key feature of the proposed
framework is its versatility; it employs universal bond representations that remain valid for both exter-
nally bonded (EB) and near-surface mounted (NSM) reinforcement layouts. The framework enables
a continuous assessment of the structural state through four distinct stages: (i) evaluation of bond
strength and the non-linear reduction of interface stiffness; (ii) crack development and spacing analysis
in the normal section under prestressing effects; (iii) the complete moment-curvature and moment-
deflection response up to ultimate limit state; and (iv) the mechanical analysis of anchorage-related
debonding. By coupling the fracture mechanics of the concrete substrate with the constitutive laws
of the FRP-concrete joint, the model provides a consistent prediction of crack widths and deflections.
The validity of the framework is demonstrated through comparison with experimental data, showing
high correlation across varying prestressing levels and strengthening configurations. The results provide
a mechanics-based foundation for the selection of optimal strengthening strategies and support the
implementation of advanced anchoring systems. This unified approach facilitates the transition from
empirical design to a more robust, performance-based evaluation of FRP reinforced structures.

Research progress on behavior of tubular joints strengthened with CFRP
sheets and engineering application

Shi, Weizhou (shiwz@siadr.com.cn), College of Civil Engineering, Tongji University, Shanghai, China,
China
Tong, Lewei (tonglw@tongji.edu.cn), College of Civil Engineering, Tongji University, Shanghai, China,
China
Gao, Feng (gaofeng@aisa.com.cn), Shanghai Institute of Architectural Design Research Co. Ltd.,
Shanghai, China, China
Fu, Yuguang (yuguangworld@126.com), School of Civil and Environmental Engineering, Nanyang
Technological University, Singapore, Singapore
Wang, Tiantian (18800429028@163.com), State Grid Electric Power Engineering Research Institute
Co. Ltd., Beijing, China, China
Xu, Guowen (xuguow@163.com), China Construction Eighth Engineering Division Co., Ltd.,
Shanghai, China, China

Welded truss joints made of circular hollow section (CHS) sometimes require reinforcement due to
certain reasons which causes insufficient load-bearing capacity. Compared to a traditional method of
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welding steel plates, the reinforcement method using carbon fiber reinforced polymer (CFRP) sheets
has significant advantages. This paper presents the current research progress on behavior of tubular
joints strengthened with CFRP sheets and engineering application. First, the method and procedure
of strengthening CHS joints with CFRP sheets are demonstrated. Second, the behavior of CFRP-
strengthened CHS K-joints is described, including static tests, failure modes, ultimate loading capacity,
ductility, parametric study by means of finite element analysis and design formulas of loading capacity.
Third, the investigation on engineering application in CFRP-strengthened CHS joints of a sports stadium
is presented, dealing with the tests such as behavior of CHS K'T and K'TT joints strengthened with
CFRP sheets, shear strength of adhesives at different temperatures, influence of coatings on bonding
strength of adhesives and bonding strength of fire coatings-CFRP. Finally, the ongoing research topics
about durability of CHS joints strengthened with CFRP sheets are outlined, including fatigue behavior
under cyclic loading and adhesive property subjected to atmospheric corrosion.

Parametric design, FEA and progressive damage modelling for composite
pressure vessels

Baranovskis, Deivis (Deivis.Baranovskis@rtu.lv), Riga Technical University, Latvia
Rucevskis, Sandris (sandris.rucevskis@rtu.lv), Riga Technical University, Latvia
Janeliukstis, Rims (Rims.Janeliukstis _1@rtu.lv), Riga Technical University, Latvia

Projected growth in the use of gaseous hydrogen in automotive and aerospace applications is driving
new developments in fuel storage solutions. Composite pressure vessels offer an exceptional strength-
to-weight ratio; however, despite the significant number of previous studies, widely used modelling
and analysis methods still exhibit notable limitations due to complexities arising from the filament
winding process. In the present study, a novel modelling approach is outlined that provides multiple
advantages in terms of accurate geometrical description of filament-wound composite cylinders for finite
element analysis, such as consideration of winding band undulations and realistic thickness buildup. The
filament-wound geometry algorithm is developed using a computational design framework to generate
data for use in the finite element code Ansys. Based on design inputs — mandrel shape, winding
angles, bandwidth, and thickness of the towpreg — the algorithm constructs the full 3D winding
geometry, including the width of winding bands. Subsequently, the winding angle gradient can be
calculated in zones with changing mandrel curvature. By analyzing groups of individual winding passes,
winding band crossover zones can be identified. These zones correspond to triangular regions with
alternating winding directions (£) in the FE model. The overlap and stacking of winding bands
are analyzed over the surface of the pressure vessel to calculate realistic thickness variations along
the section. This approach yields improved results compared to traditional methods and agrees well
with thickness predictions reported in recent studies. High-accuracy data on fiber orientation and
thickness are then mapped onto a finite element mesh. The model employs an orthotropic composite
formulation based on classical laminate theory, accompanied by Hashin and Puck failure criteria, a
post-failure material property degradation model, and a bilinear elastoplastic model for the aluminum
boss and/or liner. The approach has been validated against several previous studies, demonstrating
good predictions of stiffness, stress distribution, damage progression, and ultimate burst pressure. The
stress distribution reveals a notable effect of winding band undulation that has not been observed in
previous studies. In several cases, the predicted damage location and characteristics correspond well with
experimental observations from multiple studies. Therefore, detailed representation of damage initiation
and evolution is obtained, enabling identification of the mechanisms leading to pressure vessel failure. A
data processing procedure has also been proposed to identify damage based on strain data, replicating
actual measurements obtained using electromechanical strain sensors. Strain normalization with respect
to pressure is performed by obtaining pressure—strain (flexibility) coefficients. Using these coefficients,
strain can be predicted based solely on internal pressure and compared with the simulated strain from
the FE model. The strain and differential strain (with respect to pressure) are then correlated with
a damage variable. Damage initiation is associated with divergence between predicted and simulated
strain curves and can be effectively used as a damage indicator, particularly because it is applicable
to both short and long load cycles. This approach shows strong potential for further development in
damage localization and higher-level analysis within a structural health monitoring framework.
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Functionally graded and porous materials and structures

Mechanism of Mechanical Properties of Continuous Fiber Composites

Enhanced by Gel-Polymer (PVA-PP) Biphasic Discrete Interface for
Functionally Integrated Structures

Fu, Long (2431426630@qq.com), School of Mechanical Engineering and Automation, Beihang
University, China
Zhu, Weijun (zhuweijun@buaa.edu.cn), School of Mechanical Engineering and Automation, Beihang
University, China
Zhi, Quan (zhiquan@buaa.edu.cn), School of Mechanical Engineering and Automation, Beihang
University, China
Zhang, Zhikun (zzkjiong@163.com), School of Mechanical Engineering and Automation, Beihang
University, China
Ning, Wang (1332623209@qq.com), School of Mechanical Engineering and Automation, Beihang
University, China
Li, Dongsheng (lidongs@buaa.edu.cn), School of Mechanical Engineering and Automation, Beihang
University, China

This study addresses biphasic semi-solid electrolytes for continuous fiber-reinforced energy storage appli-
cations, focusing specifically on the strength-toughness relationship in continuous carbon fiber-reinforced
biphasic gel-polymer (PVA/PP) composites. By investigating interfacial mechanical behavior within the
biphasic system, a shear-lag theoretical model incorporating discrete biphasic interfacial architecture was
established. The model analyzes a regular representative volume element (RVE) comprising continuous
carbon fibers embedded in a biphasic gel-polymer matrix, wherein the interfacial layer is characterized
as discrete alternating units of elastoplastic resin and ideal elastoplastic hydrogel phases; analytical
solutions for stress and displacement were derived. Utilizing the model’s effective stress-strain rela-
tionship, systematic analysis evaluated composite properties including load-transfer efficiency, ultimate
strength, and fracture toughness. Results demonstrate that under fiber-direction tension, the designed
discrete biphasic interface maintains high stress-transfer efficiency while significantly enhancing material
toughness, thereby achieving an optimum strength-toughness balance. Nevertheless, this toughening
effect gradually diminishes as fiber fracture (length reduction) progresses during tensile deformation.
Experimental results further validated the model’s accuracy. This model elucidates the interfacial re-
inforcement mechanism of biphasic systems in continuous fiber composites, providing a theoretical
basis for designing structural-functional integrated composites with concurrent high strength and high
toughness.

Effects of Functionally Graded Nitrided Layer on the Structural
Performance of TC6 Titanium Alloy

Yang, Nan (nan_yang@buaa.edu.cn), School of Materials Science and Engineering, Beihang
University (BUAA), China
Liu, Bo (liubo68@buaa.edu.cn), The Solid Mechanics Research Center, School of Aeronautic Science
and Engineering, Beihang University (BUAA), China

lon nitriding of titanium alloys can form a high-hardness functionally graded nitriding layer on the
surface of the alloys, significantly enhancing wear resistance and fatigue life. However, after nitriding,
the mismatch in material properties between the nitrided layer and the substrate induces residual
stresses during the high-temperature nitriding process, leading to varying degrees of deformation in
the component and thereby influencing its high-precision applications. This study first establishes a
finite element simulation model for the titanium alloy in nitriding process. Both experiments and
the JMatPro software are used to determine the temperature-dependent thermophysical parameters of
the titanium alloy within the temperature range of 600-900°C. On the Abaqus platform, a sequential
thermal-mechanical decoupling strategy was employed to solve the transient temperature field and
perform mechanical simulations. The material properties of each layer of the titanium alloy during
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the nitriding process are defined, and spatially distributed heat flux is applied to describe the non-
uniformity of glow discharge heating. Based on the simulation results, the residual stresses induced
by the functionally graded nitrided layer and their effects on the deformation of the titanium alloy
component are analyzed. Finally, the influence of process parameters such as nitriding temperature and
heating/cooling rates on temperature uniformity and residual stress distribution is examined, and process
optimization measures are proposed. The present study is expected to be meaningful for optimizing the
titanium alloy nitriding process.

Multimaterial hybrid structures based on cellular materials for engineering
applications

Santos, Daniel (danielemidiosantos@ua.pt), Department of Mechanical Engineering, Centre for
Mechanical Technology and Automation, University of Aveiro, Portugal, Portugal
Novak, Nejc (n.novak@um.si), Faculty of Mechanical Engineering, University of Maribor, Maribor,
Slovenia, Slovenia
Krstulovié-Opara, Lovre (Lovre.Krstulovic-Opara@fesb.hr), Faculty of Electrical Engineering,
Mechanical Engineering and Naval Architecture, University of Split, Split, Croatia, Croatia
Al-Ketan, Oraib (oraib.alketan@nyu.edu), Core Technology Platforms, New York University Abu
Dhabi, United Arab Emirates, United Arab Emirates
Duarte, Isabel (isabel.duarte@ua.pt), Department of Mechanical Engineering, Centre for Mechanical
Technology and Automation, University of Aveiro, Portugal, Portugal

Multimaterial hybrid structures based on cellular materials represent a promising class of advanced en-
gineering systems, combining lightweight design with enhanced mechanical and functional performance.
This study presents novel hybrid structural concepts integrating architected cellular materials, includ-
ing cellular metals, cellular ceramics and metal foams, within multimaterial configurations, enabling
enhanced mechanical performance through controlled architecture and material synergy. The proposed
multimaterial hybrid structures are manufactured by combining conventional processing techniques with
additive manufacturing techniques, enabling precise control of cellular geometry, relative density and
material distribution. Structural and mechanical characterisation is carried out using scanning electron
microscopy equipped with an energy dispersive X ray spectroscopy system, X ray micro computed to-
mography and quasi static uniaxial compression tests. Micro computed tomography is employed to
assess interfacial bonding quality between different cellular materials, internal structural integrity and
manufacturing induced features, supporting the optimisation of the fabrication process. Mechanical
testing under quasi static uniaxial compression focuses on stiffness, load bearing capacity, energy ab-
sorption, specific energy absorption, and deformation and failure mechanisms. The results demonstrate
that the integration of architected cellular materials into hybrid configurations leads to improved stiff-
ness to weight ratios and more stable failure responses when compared to non hybrid components.
Good interfacial bonding and effective mechanical interaction promote efficient load transfer and sta-
ble, near axisymmetric deformation, resulting in a mechanical response superior to that of the individual
cellular constituents under compressive loading. In metal ceramic hybrid structures, the ductile cellular
metal stabilises the brittle cellular ceramic phase, leading to a ductile global response and significantly
enhanced mechanical performance. These findings highlight the potential of multimaterial hybrid struc-
tures based on cellular materials for advanced engineering applications where lightweight design and
structural performance are critical.

Design and Mechanical Performance Study of Lightweight Rod-Based
Metamaterials

Li, Zhitong (zhitonghit@163.com), Harbin Institute of Technology, China
Zhao, Runchao (zhaorc®@hit.edu.cn), Harbin Institute of Technology, China
Zhang, Xiang (zhang_xiang0630@hit.edu.cn), Harbin Institute of Technology, China
Chen, Zhaobo (chenzb@hit.edu.cn), Harbin Institute of Technology, China
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The pursuit of advanced lightweight materials that integrate high specific strength with adaptable
functionality is pivotal for next-generation engineering applications, particularly in domains demanding
concurrent load-bearing capacity, energy dissipation, and impact resistance. However, a significant
challenge lies in overcoming the performance constraints inherent in conventional metamaterials with
static topologies, which often struggle to achieve synergistic multifunctionality under diverse loading
conditions. To bridge this gap, this study introduces a design paradigm focusing on dual-tunable,
strut-based architected materials. We propose and fabricate two distinct families of lightweight cel-
lular metamaterials from AISil0Mg, wherein the critical design freedom is the independent tuning of
strut diameters within the unit cell. Our investigation comprehensively evaluates the static compres-
sive properties and dynamic impact response of these metamaterials. The results reveal that strategic
diameter optimization enables a wide, effective tuning range of the effective elastic modulus while
maintaining a low relative density, demonstrating exceptional design flexibility. Under quasi-static load-
ing, the two architectures exhibit fundamentally different deformation modes—one characterized by
tensile-dominated mechanics and the other by bending-dominated behavior—directly attributable to
their distinct topological configurations. This topological distinction further governs their dynamic
performance. Under impact loading, both types exhibit pronounced geometrically dependent deforma-
tion, including buckling and fracture, but with markedly different energy absorption mechanisms and
rate sensitivities. Tuning the strut diameter parameter is shown to be a highly effective strategy for
multifunctional performance enhancement, leading to substantial simultaneous improvements in both
specific energy absorption under dynamic conditions and total energy absorption capacity under static
loading. This work successfully demonstrates that through topology-aware, parameter-driven design, it
is possible to break the traditional trade-offs imposed by fixed architecture and density. We achieve a
synergistic optimization of stiffness, strength, and energy absorption within a lightweight framework.
The study provides fundamental insights into the structure-property relationships governing the static
and dynamic behavior of strut-based metamaterials and establishes a robust design methodology for
creating tunable, high-performance lightweight materials for demanding multifunctional applications.

Influence of a Piezomagnetic Coating on SH Waves in a Pre-Stressed and

Electrically Biased Piezoelectric Semiconductor Half-Space with Functional
Grading

Shukla, Shreya (21dr0173@mc.iitism.ac.in), Indian Institute of Technology (ISM), Dhanbad, India
Sahu, Sanjeev (sanjeev@iitism.ac.in), Indian Institute of Technology (ISM), Dhanbad, India

This study presents an analytical investigation of SH-wave dispersion in a functionally graded n-type
piezoelectric semiconductor (PSC) half-space with and without a piezomagnetic coating layer. The
PSC substrate is subjected to initial stress and a uniform static biasing electric field applied along the
direction of propagation. The three-dimensional governing equations of piezoelectric semiconductors
are employed to derive the dispersion relation under appropriate boundary and interfacial conditions.
The effects of functional grading, initial carrier density, piezomagnetic constant, initial stress, bias
electric field, and coating thickness on wave velocity and attenuation are systematically examined. The
analytical results are further validated using numerical simulations performed in COMSOL Multiphysics.
The study demonstrates that SH-wave characteristics can be effectively tuned through electromechanical
coupling and pre-stress effects, providing useful insights for the design of smart acoustic and sensing
devices.

Size-Dependent Free Vibration of FG-GPL Lattice Nanostructures: A
Nonlocal Strain Gradient Finite Element Approach

Timtaoucine, Mhamed El Hadi (timtaoucine.mhamed.el.hadi@gmail.com), UER Procédés
Energétiques, Ecole Militaire Polytechnique, Algiers, Algeria / Engineering Department, Pegaso
Telematic University, Italy, Algeria
Fantuzzi, Nicholas (nicholas.fantuzzi@unibo.it), DICAM Department, University of Bologna, Italy,
Italia
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Qaderi, Saeedeh (saeideh.ghaderi@unibo.it), DICAM Department, University of Bologna, Italy, Italia
Derradji, Mehdi (derradjimehdil@gmail.com), UER Procédés Energétiques, Ecole Militaire
Polytechnique, Algiers, Algeria, Italia
Fabbrocino, Francesco (francesco.fabbrocino@unipegaso.it), Engineering Department, Pegaso
Telematic University, Italy, Italia

This study develops a new finite element model (FEM) to investigate the free vibration of function-
ally graded (FG) lattice nanostructures reinforced with graphene nanoplatelets (GPLs), incorporating
size-dependent effects through nonlocal strain gradient elasticity theory. The theoretical framework is
established based on Euler—Bernoulli beam kinematics, assuming that the effective material properties
including elastic modulus and mass density vary continuously along the thickness direction according
to a power-law distribution. To accurately capture nanoscale phenomena, the constitutive relations
are enhanced by integrating the nonlocal strain gradient effects, enabling the model to represent cou-
pled axial-bending responses influenced by the microstructure. The FEM formulation is derived from
variational principles, beginning with the total potential energy of the system. The stiffness matrix
is constructed from the strain energy expression, which explicitly includes contributions from nonlocal
stress fields and strain gradients. Simultaneously, the mass matrix is formulated from kinetic energy
considerations, accounting for both translational and rotary inertia effects. To satisfy the continuity
requirements of the displacement field, higher-order Hermite interpolation functions are employed, intro-
ducing additional degrees of freedom that allow precise representation of axial and bending deformations
and their interactions. The resulting multi-degree-of-freedom frame element is then transformed into
global coordinates for the analysis of complex FG nanoframe structures. Extensive numerical validation
demonstrates excellent agreement with existing analytical solutions across various boundary conditions,
confirming the accuracy of the proposed approach. A parametric investigation systematically examines
the influence of key factors such as nonlocal parameters, geometric parameters and material distri-
bution profiles on the natural frequencies of all FG lattice nanostructure configurations and boundary
conditions. The results underscore the efficiency and precision of the developed method, establishing
it as a valuable tool for nanoscale structural analysis and the design of nanoelectromechanical systems

(NEMS).
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Health monitoring and inspection techniques for composite structures

Effect of Matrix Length and Tensile Load on Acoustic Emission Signal
Frequency in CFRP Using Pencil Lead Break

Fatukasi, Oluseyi Samuel (o.fatukasi@rgu.ac.uk), Robert Gordon University, Aberdeen, United
Kingdom
Prathuru, Anil (a.prathuru@rgu.ac.uk), Robert Gordon University, Aberdeen, United Kingdom
Faisal, Nadimul (n.h.faisal@rgu.ac.uk), Robert Gordon University, Aberdeen, United Kingdom
Bano Shahana (United Kingdom), Robert Gordon University, Aberdeen, United Kingdom

Thanks to their exceptional specific strength -to-weight ratio, and corrosion resistance: Carbon Fiber
reinforced polymer (CFRP) composites have become essential in high-performance structural applica-
tions across oil and gas, aerospace, automotive, and civil infrastructure sectors. However, monitoring
defects in these materials remains challenging due to their complex, heterogeneous structure. Acoustic
emission (AE) testing has become a popular non-destructive testing (NDT) technique for detecting
defects in composites, with many researchers, using AE frequency-based methods to identify damage
modes in CFRP composites. The typical method categorizes damage types by assigning frequency
ranges: low frequencies (50-200 kHz) for matrix cracking, intermediate frequencies for fiber-matrix
debonding and delamination, and high frequencies (>300-400 kHz) for fiber breakage. However, this
fixed-band classification has significant limitations, as frequency content is largely affected by wave
propagation effects including wave dispersion, frequency-dependent attenuation, and acoustoelastic
phenomena, rather than solely originating from source mechanisms. This study investigates the effect
of matrix distribution and tensile loading on the frequency characteristics of acoustic emission signals
in CFRP composites using controlled pencil lead break (PLB) excitation as a standardized broadband
source. Four CFRP specimens of varying matrix lengths (0 mm, 40 mm, 70 mm, and 150 mm), were
fabricated and subjected to sequential tensile loading (0-400N). The PLB generated AE signals were
acquired with the piezoelectric sensor attached to the specimen under tensile load. The acquired signals
were analysed, using Fast Fourier Transform (FFT) analysis, frequency band energy decomposition and
continuous wavelet transform (CWT) techniques, in MATLAB proprietary and AGU Vallen software
respectively. The results demonstrate that matrix length significantly influences the observed AE fre-
quency spectra, through progressive frequency-dependent attenuation mechanisms. The specimen with
150mm matrix length exhibited the lowest wavelet transform (WT) coefficient, with the peak frequency
shifts observed at 400kHz, compared to specimens without matrix, which maintained highest WT co-
efficient relative to other specimens across all loads. The 70mm matrix specimen exhibited the highest
WT coefficient at 200kHz frequency across the respective tensile loads. The frequency shifts occurred
independently of source mechanisms, being solely attributable to viscoelastic damping in resin-rich re-
gions and elastic scattering, which further attenuates short wavelength components. The applied tensile
stress also modified the WT coefficient, causing varying frequency shifts under ON-400N loading, due
to acoustoelastic effects and stress-dependent interfacial stiffness modulation, which in turn alter the
wave velocity and interfacial characteristics. These findings reveal that the same damage mechanism
can generate varied frequency signatures based on composite architecture and loading state, making
fixed frequency bands for damage classification inaccurate. The study emphasizes the necessity for
propagation-corrected interpretation methods in acoustic emission-based structural health monitoring
of composite structures.

Composite structure deformation shape reconstruction method based on
physics informed data driven iFEM with ANN concept

Xia, Junkang (junkangxia@whut.edu.cn), Wuhan University of Technology, China
Hu, Haixiao (yiming9008@126.com), Wuhan University of Technology, China
Cao, Dongfeng (Cao dongf@whut.edu.cn), Wuhan University of Technology, China
Wei, Cai (caiweil99696@whut.edu.cn), Wuhan University of Technology, China
Chen, Hongda (hongdachen@whut.edu.cn), Wuhan University of Technology, China
Li, Shuxin (lishuxin@whut.edu.cn), Wuhan University of Technology, China
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The ability to accurately determine the deformed shape of a structure under various loading conditions
is crucial for assessing performance, ensuring safety, and guiding maintenance or adaptation. Struc-
ture deformation shape reconstruction, or shape sensing, is a prominent method of structural health
monitoring to enable real-time assessment of structural deformation, stress distribution and health con-
ditions. Classical inverse finite element method (iFEM) is in fact the first data-driven method for shape
reconstruction directly based on sensor measured discrete strain data. The iFEM method was devel-
oped well before the recent fast-growing data-driven machine learning (ML) methods such as artificial
neural networks (ANN) and physics informed neural networks (PINN). However, lack of input data or
data scarcity, in particular for engineering application with restriction of number of sensors and failed
sensors during in-service operations, had been and still is the main obstacle for all data driven method
including classical iFEM and modern ANN and PINN methods. Consequently, an innovative structure
deformation shape reconstruction method based on physics informed data driven multiple layer iFEM
with ANN concept (PIDD-ML-iIFEM) is proposed in this study. The current widely used classical iFEM
method first carry out data augmentation with interpolation of measured strain data to create addi-
tional strain data and then run iFEM once to produce the shape reconstruction. The pre-interpolation
of data requires pre-knowledge or pre-assumption of the deformation shape which is unknown and to
be determined by the iFEM. Consequently, this is not really the data driven iFEM should be and also
results in larger errors is the measured data cannot support the pre-knowledge or pre-assumption. The
proposed PIDD-ML-iFEM does not rely on the data augmentation with interpolation of measured strain
data. Instead, the small number of measured strain data is directly used to run the first layer of iFEM
to produce first physics informed approximation shape reconstruction. Then the first layer of physics
informed shape reconstruction is used for data augmentation based on data transfer learning widely
used in modern machine learning methods without pre-knowledge or pre-assumption. A transformation
function, similar as the activation function in ANN, is developed based on the physics informed approx-
imation shape reconstruction obtained from first layer of iFEM. With increased input data from the
proposed physics PIDD data augmentation technique, second iFEM running is carried out to improve
the approximation shape reconstruction. Just like ANN with number of hidden layers, multiple layer
iIFEM (ML-iFEM) running can be carry out to gradually achieve the final high accuracy shape recon-
struction. A number of examples have been provided to validate the proposed PIDD-ML-iFEM method
and the results demonstrated the innovative and effectiveness of the proposed method.

Quantitative cracking patterns analysis as a monitoring tool for
cement-based composites exposed to elevated temperatures

Szelag, Maciej (maciej.szelag@pollub.pl), Lublin University of Technology, Poland

Thermal exposure induces multi-scale cracking in cementitious composites, reducing stiffness and dura-
bility. Reliable health monitoring therefore requires robust, repeatable descriptors of surface damage
that can be extracted from inspection data with minimal operator bias. A machine-learning-assisted
image analysis procedure to quantify thermally induced cracking patterns was proposed. The case study
concerned cement paste modified with mesoporous silica MCM-41. The aim was to assess the suitabil-
ity of an inspection/monitoring technique for cement-based composite structures operating at elevated
temperatures. Four cement paste series were investigated: CP-0 (reference) and pastes containing 0.5,
1.0 and 2.0% MCM-41 by mass of cement (CP-MCM-0.5, CP-MCM-1, CP-MCM-2). Specimens were
thermally loaded at 100, 300, 500 and 700 °C. After exposure, the cracked surfaces were scanned at
very high optical resolution (1200 dpi) using an optical scanner. Such an approach provides a low-
cost, field-ready acquisition route. Crack maps were obtained using a custom segmentation procedure
based on Trainable Weka Segmentation (ImageJ/Fiji), enabling supervised classification and conver-
sion to binary crack networks. Quantitative descriptors were then calculated: total crack area (TCA),
crack density (CD), mean crack width (CW), fractal dimension of the cracking pattern (FDB), lacu-
narity (LAC) and selected multifractal indicators (D(Q) amplitudes and summed f() for Q>0). For
each series/temperature combination, three replicates were analysed. The reference paste exhibited
a pronounced temperature-driven escalation of damage, with mean TCA increasing from 4 cm?/m?
at 100 °C to 52 cm?/m? at 300 °C and 134 cm®/m? at 500 °C. CD rose from 12 1/m to 104 1/m
and 216 1/m, respectively, accompanied by an increase in CW (from 55 m to 80 m) and FDB (from
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0.73 to 1.48). Incorporation of MCM-41 mitigated cracking primarily in the 300-500 °C range. The
most favourable performance was observed for CP-MCM-1, where TCA was reduced by 51% at 300
°C and 74% at 500 °C relative to CP-0, while CD decreased by 38% and 71%, respectively. CW was
also lower in the 500-700 °C range (13-16% reduction). At intermediate temperatures, the modified
pastes generally showed lower FDB (less geometrically complex crack networks) together with higher
LAC, indicating a more clustered/heterogeneous spatial distribution of cracks. Multifractal outputs
suggested a shift towards “smooth/ordered” scaling with increasing temperature, and multifractal scal-
ing was indicated mainly at 500-700 °C, consistent with a change in the governing cracking regime.
From a monitoring perspective, the proposed descriptors are scale-compatible and can be tracked over
time, i.e. pre- and post-exposure, or after successive thermal cycles, to assess the degradation route.
The combination of area-based (TCA), intensity-based (CD), morphology-based (CW) and complexity-
based (FDB/LAC/multifractal) metrics reduces the risk of misclassification that may arise when a single
indicator is used. The developed procedure yields reproducible segmentation, supporting consistent pro-
cessing across campaigns. The workflow is readily extendable to higher-resolution imagery and can be
integrated with complementary NDT signals (e.g. UPV or acoustic emission) as a feature-level fusion
approach for composite condition assessment. The results demonstrate that the combination of seg-
mentation based on machine learning and fractal/multifractal descriptors provides sensitive, objective
damage data for thermal degradation. The research was financed by the National Science Centre,
Poland, under the SONATA 17 programme. Research project no. 2021/43/D/ST8/01128 entitled "In-
vestigation of crack development processes in a cement matrix modified with a reactive and non-reactive
secondary additive under thermal loading conditions".

SHM of Composites Al approach using Diffuse waves

Dayal, Vinay (vdayal@iastate.edu), lowa State University, USA
Sharma, Subal (subal@msu.edu), Michigan State University, USA

Wave propagation in composites is a complex phenomenon. The velocity of ultrasound depends on
the stiffness and density of material. The directional properties of the composites cause the wave to
propagate at different velocities in different directions. Diffuse waves are long duration waves and
over this duration reach the receiver using different paths and different velocities. In the process,
they encounter various stiffnesses and anomalies of composites and are an ensemble sum of the state
of composites. This paper is concerned with the study of these diffuse waves on graphite/Epoxy
composites. Since the waves are indeterminate in nature, the long duration signal before a damage and
the signal after damage is compared. This comparison is performed both in magnitude and frequency
domain. We first start with undamaged composites and study diffuse wave propagation, then we add
defects in the form of we study the effect of low energy impact damage on the diffuse waves. Results
show that the diffuse field is sensitive to presence and size of defects in composites and quantitative
measurements are possible. Thus, the diffuse waves can be used as structural health monitoring method
(SHM) for composites. The technique becomes amenable to Al as no human interaction is required.

AQUADA Technology for Smart Structural Health Monitoring of Large
Composite Structures under Cyclic Loading

Chen, Xiao (xiac@dtu.dk), Technical University of Denmark, Denmark

This study presents the research and development of AQUADA technology developed by Technical
University of Denmark. The AQUADA technology is used for detecting and assessing the subsurface
damage of large composite structures, such as wind turbine blades, subjected to cyclic loads. Laboratory
development at both components and full-scale structural levels, field tests, and demonstrations are
conducted to collect high-quality data, which enables the development of a large Al model based
on computer vision and thermographic imaging. The achievements, remaining challenges and further
development will be presented.
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Structural health monitoring of the all-FRP composite bridge using the
DFQOS system

Kulpa, Maciej (kulpa@prz.edu.pl), Rzeszéw University of Technology, Poland
Rajchel, Mateusz (mrajchel@prz.edu.pl), Rzeszéw University of Technology, Poland
Kozlowski, Aleksander (kozlowsk@prz.edu.pl), Rzeszéw University of Technology, Poland
Siwowski, Tomasz (siwowski@prz.edu.pl), Rzeszéw University of Technology, Poland

Since the early 1980s, fibre-reinforced polymer (FRP) composites have been used in various bridge
applications. In Poland, the construction of bridge structures with load-bearing elements such as girders
and decks made from FRP composites began in 2015. Rzeszéw University of Technology led the first
two research and development projects; one of the earliest results was an all-FRP composite road bridge
built in 2016 in Rzeszéw. Similar to early bridges in the USA and Western Europe, this Polish all-FRP
composite bridge was fitted with a modern structural health monitoring (SHM) system to enable long-
term monitoring of its health and performance during service. Over nearly a decade of use, the bridge's
strain, stiffness, and dynamic properties have been assessed three times through static and dynamic load
tests. The paper compares these assessments and provides insights into the long-term performance of
Poland’s first all-FRP composite bridge. The first all-FRP composite road bridge spans an urban road
over a small local stream and is 10.7 metres long. This single-span bridge features a 7.7-metre-wide
deck, accommodating a 2-metre-wide roadway on each side, along with two pavements measuring 0.75
metres and 1.1 metres in width, respectively. The superstructure of this bridge consists of four FRP
composite girders, which support a 0.13-metre-thick sandwich deck slab made of FRP. The deck slab
is bonded to the top flanges of the girders using epoxy adhesive. The FRP girders feature a U-shaped
cross-section with slightly inclined webs. The top and bottom flanges are constructed from solid GFRP
composites, while the webs are designed as sandwich panels comprising a PVC foam core sandwiched
between two GFRP face-sheet laminates. The sandwich deck panels incorporate two 12 mm-thick GFRP
laminate face sheets and a 105 mm-thick PUR foam core reinforced with internal vertical GFRP ribs.
The entire composite superstructure was produced using VARTM infusion technology, employing epoxy
resin as the matrix for all composite parts. To monitor the bridge’s behaviour during service, three load
tests were conducted between 2016 and 2025. Identical load schemes were used in each test to enable
comparison of the FRP structure’s performance over time. Each of the three tests included both static
and dynamic load scenarios. The distributed fibre optic sensing (DFOS) technology was chosen as the
primary structural health monitoring (SHM) system for the bridge. An optical reflectometer based on
linear Rayleigh scattering was used to measure strain. Single-mode telecom-grade optical fibres were
employed, with virtual measurement sections spaced 10 mm apart along the fibres to ensure accurate
strain measurement. The measured strain distributions can also be utilised to assess displacements,
which are defined as changes in the shape of the laminates relative to their original form before loading.
The fibre-optic sensors were installed in the workshop immediately after the FRP girders and deck panels
were manufactured. A total of 10 sensors, each approximately 9.60 + 0.10 m in length, were bonded
inside two bridge girders. This setup allows strain measurement at approximately 10,000 virtual discrete
points along the girder. Only one deck panel was fitted with fibre optic sensors. Based on monitoring
data, the first all-FRP composite bridge in Poland has demonstrated satisfactory structural integrity
and durability over a 10-year service period. The monitoring data show minimal changes in strength,
stiffness, and dynamic performance over the long term. Periodic field load testing has confirmed that
this all-FRP composite bridge has maintained reliable performance throughout the monitoring period
and can be regarded as a dependable structure. The DFQOS strain measurement system has proven to
be an efficient and cost-effective method for monitoring FRP bridges. It enables assessment of changes
in the bridge's load-carrying capacity, stiffness, and dynamic characteristics while in service. Future
research should focus on further long-term observation of the bridge's performance under service loads.
In subsequent measurement phases, the effects of temperature and creep on the behaviour of the all-
FRP composite structure will be evaluated. This research was co-financed by the Minister of Science
and Higher Education within the following RD project: “Regional Centre of Excellence in Engineering
for Quality of Life and Technology Development” within the framework of the “Regional Excellence
Initiative” Programme; grant number RID/SP/0032/2024/01.
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Sanchez Saez, Sonia (ssanchez@ing.uc3m.es), Universidad Carlos 1l de Madrid, Spain

Sandwich structures are widely used in the transportation and energy sectors due to their high stiffness-
to-weight ratio and suitability for lightweight structural components such as panels, beams, and protec-
tive elements. During their service life, these structures may be exposed to impact loads arising from
accidental events, including tool drops during maintenance operations or debris and animal strikes.
Depending on the impact energy, such events can result in a broad range of damage scenarios, from
barely visible internal damage to localized indentation or complete perforation of the structure. The
high susceptibility of composite materials to impact loading makes damage resistance a critical design
consideration for sandwich structures. In addition to mechanical loading, environmental conditions
strongly influence the damage response of sandwich structures, with temperature playing a particularly
significant role. Variations in temperature modify the stiffness and strength of both the skins and
core materials, while mismatches in the coefficients of thermal expansion generate additional internal
stresses. In sandwich configurations, these effects are further intensified by the interaction between
face-sheet bending, core shear deformation, and localized indentation phenomena. Sandwich structures
can be manufactured using a wide range of skin and core material combinations, resulting in markedly
different mechanical responses and damage characteristics. Growing concerns regarding the environ-
mental impact of industrial processes have motivated the development of eco-friendly alternatives to
conventional composite systems. Bio-based fibres and natural core materials offer clear environmental
advantages, including renewable sourcing and improved end of life management, while maintaining
mechanical properties suitable for structural applications. However, the combined influence of impact
loading and sub-zero temperatures on the damage mechanisms and damage tolerance of sustainable
sandwich structures remains insufficiently studied. In this study, sandwich beams manufactured with
flax fibre laminate skins combined with an agglomerated cork core are experimentally investigated.
Flax fibres have emerged as a viable alternative to synthetic reinforcements due to their low density,
favourable specific mechanical properties, enabling structural performance comparable to glass fibre in
selected applications. The core material considered is a lightweight cellular solid that plays a funda-
mental role in sandwich structures by providing shear stiffness and stabilising the face sheets under
transverse loading. Agglomerated cork, derived from renewable bark granules, represents a promising
sustainable core solution, offering reduced environmental impact, improved end of life management.
An experimental study was conducted on these sustainable sandwich beams, and their response was
benchmarked against a conventional reference configuration consisting of woven glass/epoxy skins and
a PVC foam core. Low-velocity impact tests were carried out over a range of impact energies (30-130 J)
to generate different damage scenarios, from barely visible damage to severe failure modes approaching
perforation. These experimental tests were conducted at two different temperatures, 23 °C and 40 °C.
The impact response was characterized using global parameters such as peak contact force, absorbed
energy, and effective bending stiffness, complemented by an analysis of damage initiation and evolution.
In addition, the residual structural performance was evaluated through bending-after-impact (BAI) tests
conducted at the same temperatures , allowing the damage tolerance of sustainable sandwich structures
under combined thermal and mechanical loading conditions to be assessed.
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High-viscosity aluminized explosive slurry poses increasing safety concerns in explosive production.
Therefore, understanding ignition mechanisms is critical for this type of manufacturing slurry. This
slurry features high viscosity with solid particle dispersion. Consequently, these characteristics lead to
distinct performance under external impact or friction compared to traditional explosives. To address
this complexity, we established an ignition criterion based on plastic work and frictional heat between
internal particles. We assume the microstructure consists of a three-dimensional regular packing of
explosive and aluminum grains, along with a fluid binder. The ignition criterion developed in this study
is based on calculating macroscopic pressure and plastic shear rate within grains of the aluminized
explosive slurry during drop-weight impact tests. Then, the positive pressure translates to a contact
force at the grain scale, resulting in friction between the particles. This study provides new theoretical
insights into ignition mechanisms in high-viscosity aluminized explosive slurry and offers guidance for
enhancing safety in explosive production processes.

Predictive Analysis of Low-Velocity Impact Damage in CFRTP Corner
Regions Through Advanced Fiber-Aligned Modeling Framework

Deng, Yunhan (dengyunhan0508@sjtu.edu.cn), School of Aeronautics and Astronautics, Shanghai
Jiao Tong University, China
Li, Chong (lichong@sjtu.edu.cn), School of Aeronautics and Astronautics, Shanghai Jiao Tong
University, China

Low-velocity impact (LVI) damage in corner regions of thermoplastic composite structures presents
significant challenges for accurate damage prediction due to complex stress states, fiber orientation
transitions, and coupled damage mechanisms. This study developed a high-fidelity fiber-aligned para-
metric modeling framework for precise simulation of LVl damage evolution in T700/PPS thermoplastic
composite corner regions with [(0, 90)/(£45)]4s layup configuration. The proposed methodology inte-
grated three key advanced modeling techniques: (1) fiber-aligned mesh generation that aligned element
edges with local fiber orientations to accurately capture fiber-direction crack propagation, (2) zero-
thickness cohesive elements inserted between plies to simulate delamination initiation and growth, and
(3) a user-defined material subroutine (VUMAT) incorporating plastic flow factors to represent the
thermoplastic matrix behavior under impact loading. This comprehensive approach enabled realistic
representation of intralaminar matrix cracking, fiber breakage, and interlaminar delamination in a fully
coupled manner. The modeling framework was systematically validated through LVI and compression
after impact (CAl) tests on flat laminate specimens, demonstrating excellent agreement in damage
morphology, force-displacement response, and residual strength predictions. The validated high-fidelity
model was subsequently applied to corner region structures, where geometric curvature introduced addi-
tional complexities in damage initiation and propagation patterns. Experimental characterization using
C-scan ultrasonic inspection and computed tomography (CT) imaging revealed three-dimensional dam-
age distributions that were accurately reproduced by the numerical predictions. Quantitative comparison
showed that the fiber-aligned parametric model successfully captured characteristic damage features in-
cluding matrix crack orientation, delamination shape, and through-thickness damage progression, with
superior accuracy compared to conventional modeling approaches. The predicted damage footprints
exhibited strong correlation with C-scan results (error < 8%), while CT images confirmed the model’s
capability to predict complex damage interactions in the corner region. This research established a ro-
bust computational framework for impact damage assessment in thermoplastic composite corner regions,
providing essential tools for damage-tolerant design of advanced composite structures in aerospace and
automotive applications.

Impact Performance of Glass-Polypropylene Laminates: Effect of Metal
Mesh Reinforcement on Energy Absorption

Hajizadehasl, Amirmahdi (am__hajiz@live.concordia.ca), Concordia University, Canada
Hojjati, Mehdi (mehdi.hojjati@concordia.ca), Concordia University, Canada
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Hybrid composite laminates that combine thermoplastic matrices with metallic reinforcements have
gained increasing attention for structural applications requiring enhanced impact resistance and dam-
age tolerance. In this study, the low-velocity impact performance of polypropylene-based glass fiber
laminates reinforced with stainless steel metal mesh layers is systematically investigated. Hybrid glass-
polypropylene laminates incorporating three different plain-weave 304 stainless steel meshes with varying
wire diameters were manufactured using a hot-press consolidation process. The laminates were pro-
duced through a two-step fabrication procedure. First, the stainless-steel mesh was embedded within
polypropylene layers to form a reinforced core. This core was then sandwiched between glass fiber-
reinforced polypropylene skins to create the final hybrid laminate architecture. All specimens were
fabricated under identical processing conditions to ensure consistent consolidation quality, interfacial
bonding, and repeatability of the experimental results. Low-velocity impact tests were performed at
impact energy levels of 20 J, 50 J, and 70 J to assess the influence of mesh size on the impact re-
sponse and energy absorption capability of the laminates. Key impact parameters, including peak force,
absorbed energy, specific energy absorption, mean crushing force, and crushing force efficiency, were ex-
tracted from the force—displacement curves obtained during testing. The results indicate that, among
the tested configurations, laminates reinforced with smaller mesh sizes consistently exhibited higher
specific energy absorption across all impact energy levels. This enhanced performance is attributed
to the denser metallic network provided by the finer meshes, which improves load distribution, delays
damage initiation and progression, and effectively restricts crack propagation. Additionally, the metal
mesh acts as an internal stiffening element, limiting the extent of the damaged zone under impact
loading. Overall, these findings demonstrate the effectiveness of stainless-steel mesh reinforcement in
improving the crashworthiness and impact resistance of thermoplastic composite laminates and provide
valuable guidelines for the design of lightweight, impact-resistant hybrid composite structures.

A comparative study of the impact performance of aluminium laminates
with different surface modifications

Bienias, Jarostaw (j.bienias@pollub.pl), Lublin University of Technology, Poland
Drozdziel-Jurkiewicz, Magda (m.drozdziel@pollub.pl), Lublin University of Technology, Poland
Jakubczak, Patryk (p.jakubczak@pollub.pl), Lublin University of Technology, Poland

Impact resistance is one of the most important issues related to the reliability of structures made with
fibre metal laminates, which are used in the manufacture of fuselages and many other applications.
Low-velocity impact in fibre metal laminates can cause failure modes such as buckling, delamination
initiation and propagation, and matrix and fibre cracking. Impact loads can cause susceptibility in
fibre metal laminates due to the weak interface performance between metal and composite. Metal
surface treatment is a key factor in achieving adequate adhesion at the metal-composite interface in
FMLs, enabling high joint strength and resistance to interlayer cracking and environmental effects. It
also plays a crucial role in effective stress transfer between the metal and composite layers. All of
the methods more or less change the metal’s structure and morphology, which affects adhesion at
the metal-composite interface. The main objective of the evaluation of the assessment of FMLs was
to conduct a deep analysis of the damage growth range, size and mechanisms during load from the
application of various methods of metal surface treatment. Aluminium-Carbon Fibre Polymer Epoxy
Laminates were manufactured using autoclave technology with aluminium alloy sheets modified using
mechanical, chemical, electrochemical surface treatment methods. The effectiveness of chromic acid
anodizing, sulphuric acid anodizing, etching, sandblasting and transition layers in improving adhesion
at the metal-composite interface in fibre metal laminates was compared. Low-velocity impact tests
were conducted using impact energies ranging from 2.5 J to 10 J. Failure of laminates subjected to
low-velocity impact was analyzed using non-destructive testing with the Through Transmission Phased
Array ultrasonic testing method and C-scan imaging. An analysis of the failure at the metal-composite
interface was also carried out, indicating the failure mechanisms.
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Joints

Experimental and Numerical Analysis of Single-Lap Adhesive Joints: A
CZM Approach for Correlating ASTM D1002 Test Results

Barducci, Leonardo (leonardo.barducci@studio.unibo.it), University of Bologna, Italy
Pavlovic, Ana (ana.paviovic@unibo.it), University of Bologna, Italy
Minak, Giangiacomo (giangiacomo.minak@unibo.it), University of Bologna, Italy

Composite materials are increasingly adopted in sectors such as aerospace, automotive, marine, and
energy due to their high strength-to-weight ratio, stiffness, and design flexibility. However, the manu-
facture of large or geometrically complex components often requires joining multiple parts, making the
mechanical performance of the joint a critical factor in overall structural reliability. Adhesive bonding
has emerged as an attractive lightweight alternative to mechanical fastening because it provides a more
uniform stress distribution, avoids stress concentrations due to drilled holes, and offers potential im-
provements in fatigue behaviour. Nevertheless, adhesive joints remain challenging to design, as failure
mechanisms depend on complex interactions between material properties, joint geometry, and loading
conditions. Standardized experimental testing is essential for characterising these behaviours. The
ASTM D1002 single-lap shear test is widely used to evaluate the shear strength of structural adhesives
under tensile loading, though the presence of peel stresses complicates the interpretation of results. To
complement experimental observations, finite element modelling has become a fundamental tool for
analysing stress states and predicting failure. Among available numerical techniques, Cohesive Zone
Models (CZM) enable a physically consistent simulation of crack initiation and propagation in adhesive
layers through traction—separation laws and fracture energy criteria. This study investigates hybrid alu-
minium—composite adhesive joints through a combined experimental and numerical approach. Single-lap
shear tests following ASTM D1002 were performed to assess load-bearing capacity, failure mechanisms,
and variability. In parallel, CZM-based finite element models were developed with the objective of re-
producing the experimental load—displacement curves and fracture patterns. The comparison between
experiments and simulations allows us to evaluate model accuracy, identify discrepancies, and refine
the numerical strategy. The outcomes provide a validated framework for analysing bonded joints and
support the development of robust design methodologies for high-performance composite structures.

Laser welding of dissimilar thermoplastic composite structures

Ferreira, Anténio J.O. (ajof@ua.pt), University of Aveiro, Portugal
Pereira, Anténio Bastos (abastos@ua.pt), University of Aveiro, Portugal
Fernandes, Fabio (fabiofernandes@ua.pt), University of Aveiro, Portugal

There is an increasing demand for lightweight thermoplastic composite structures in the automotive
and aerospace industries. In addition, these have also intensified the search for efficient and sustain-
able joining technologies, in alternative to conventional adhesive bonding methods. These often rely
on solutions with relevant levels of toxicity and require lengthy curing times, which can hinder pro-
ductivity and compliance with environmental regulations. Laser welding has been previously utilised
to join commodity and engineering thermoplastics. The success of this joining process relies signif-
icantly on the thermoplastics’ compatibility and the process parameters that influence the contact
between materials to weld or the heat input. This study investigates the feasibility of using laser
welding as a solvent-free and rapid manufacturing process to join dissimilar thermoplastics with dis-
similar morphologies, a topic that has not been addressed in the literature. Joining these without
adhesives poses a challenge due to the multiple dissimilarities. Laser welding experiments were con-
ducted with systematic variations of parameters, aiming to optimise joint strength while preserving the
structural integrity of both materials: polypropylene and polyethylene foam. The joints’ strength was
determined by conducting shear lap tests. Several non-destructive tests, including scanning electron
microscopy and X-ray microtomography analysis, were also performed to assess the interfacial joining
and thermal damage, while correlating these with the mechanical performance. Preliminary findings
demonstrate that adequate joining between dissimilar thermoplastic composite structures is achievable

126



under carefully controlled processing conditions. Process optimisation proved essential to enhancing
joint strength while minimising foam collapse and degradation. These results highlight the potential of
laser welding as a clean and efficient joining method for morphologically dissimilar thermoplastic com-
posite structures. Acknowledgements: This work was funded by National Funds by FCT — Fundagio
para a Ciéncia e a Tecnologia, |.P., in the scope of the project 2023.14833.PEX with the following DOI
https://doi.org/10.54499/2023.14833.PEX. This work was supported by national funds from FCT -
Fundacg&o para a Ciéncia e a Tecnologia, |.P., for the project UID 00481/2025 - Centre for Mechanical
Technology and Automation, https://doi.org/10.54499/UID /00481 /2025

Study of the end joint of a composite material tube

Solazzi, Luigi (luigi.solazzi@unibs.it), Department of Mechanical and Industrial Engineering,
University of Brescia, Italy
Tomasi, Ivan (ivan.tomasi@unibs.it), Department of Mechanical and Industrial Engineering,
University of Brescia, Italy
Grandi, Stefano (stefano.grandi@unibs.it), Department of Mechanical and Industrial Engineering,
University of Brescia, Italy

To reduce the weight of structural components, one of the fundamental approaches is the use of ma-
terials that exhibit better mechanical performance compared to conventional steel materials (higher
ultimate and yield strength, higher Young's modulus) combined with lower density. Composite ma-
terials represent a very important solution in this context, as their mechanical performance can be
significantly higher than that of traditional steel materials. One of the main tasks is joining compo-
nents made of composite materials (such as sandwich structures, filament-wound components, and
similar configurations) to the rest of the structure, in order to avoid generating critical zones that could
compromise the overall structural strength. In many cases reported in the literature, the joint between
composite components and other structural elements is identified as the most critical zone, due to
high local stresses and elevated stress intensity factors. In this research, the innovative joint between
a cylindrical composite tube and a plate (assumed to be made of an aluminium alloy) was studied nu-
merically. The analysis was carried out by considering several variables, such as the adhesive properties
and its thickness, as well as the joint geometry, varying the length and size of both the inner and outer
elements. After comparison with joint configurations reported in the literature, a new solution was
developed and implemented. The final design (obtained after several iterations) shows a significantly
lower stress intensity factor at the end of the joint zone compared to a conventionally designed joint.

Experimental testing and numerical modelling of hybrid joints for wooden
structures

Kawecki, Bartosz (b.kawecki@pollub.pl), Lublin University of Technology, Faculty of Civil Engineering
and Architecture, ul. Nadbystrzycka 38D, 20-618 Lublin, Poland

The performance of wooden structures is significantly impacted by their structural connections. De-
pending on the design strategy, the internal stresses and overall structural deformations can be amplified
or reduced. Typically, mechanical connections in timber structures are classified as either plastic hinges
or semi-rigid connections. Incorporating adhesive into a hybrid joint can substantially boost stiffness in
contrast to conventional joints. This improvement can successfully make the joint rigid, significantly
decreasing stresses and deformations in the structure. This research involves conducting experiments
and using computer simulations to analyse hybrid adhesive-mechanical joints in shear layout. For the
experimental phase, the MTS 809 strength-testing machine and Digital Image Correlation (DIC) were
utilised. Next, Simulia ABAQUS software was incorporated into the numerical simulations. The nu-
merical simulation outcomes were juxtaposed with those derived from experimental tests, followed by
an in-depth discussion.
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The influence of micro-arc oxidation surface treatments on the
enhancement of interfacial integrity in composite structures

Drozdziel-Jurkiewicz, Magda (m.drozdziel@pollub.pl), Lublin University of Technology, Poland
Bienias, Jarostaw (j.bienias@pollub.pl), Lublin University of Technology, Poland
Jakubczak, Patryk (p.jakubczak@pollub.pl), Lublin University of Technology, Poland

Fibre Metal Laminates (FMLs) are an interesting group of materials characterized by low density, high
static and fatigue strength, and resistance to impact and corrosion. The prevalent failure mechanism
in FML laminates is delamination at the metal-composite interface, resulting directly from inefficient
metal surface modification. Therefore, one of the most important scientific problems in FMLs remains
achieving appropriate adhesion at the metal-composite interface through metal surface treatment. This
determines the ability to obtain a combination of high strength and a quality joint with increased resis-
tance to interlayer cracking and environmental conditions. The adhesion properties of FML laminates
can be designed by using various metal surface treatment methods. Appropriate surface roughness,
modified surface topography, increased surface free energy and polar component, and controlled pore
size and density can be obtained by selecting the suitable surface treatment technology and process
parameters. Such an advantageous oxygen layer structure can be obtained by applying the micro-arc
oxidation (MAQ) process, which allows the voltage-current ratios, intensity, process time, acid con-
centration and bath temperature to be controlled. Furthermore, sol-gel coatings can promote high
adhesion at the metal-composite interface. This is due to the possibility of chemical reactions and
the action of chemical adhesion mechanisms. The objective of the study was to analyze the effect of
aluminium 2024-T3 surface treatment on fibre metal laminates in order to achieve high adhesion at
the metal-composite interface. This was examined in relation to the various parameters of the micro-
arc oxidation process. The study examined the impact of various MAO process parameters (including
voltage, current, time) on surface free energy, topography, and morphology in relation to potential
adhesion in fibre metal laminates. Scanning electron microscopy was used to examine the morphology,
and the surface free energy and its components were determined using the Owens—Wendt method.
Surface characterization revealed that the oxide layer thickness, porosity, topography, roughness and
morphology depend significantly on the applied MAO conditions. A mechanical test demonstrated dif-
ferences in interfacial bonding and failure mechanisms depending on the applied process parameters, as
opposed to the classic methods of aluminium surface treatment. The results emphasize the potential of
bespoke MAO surface modification strategies to improve aluminium-composite interface adhesion and
enhance the strength of fibre metal laminates. These findings provide valuable information for designing
advanced metal-composite systems for structural applications.

Fracture Behavior and Failure Criteria of CFRP /Al Adhesive Joints Induced
by Moisture Absorption

Chu, Zunkang (2310253@tongji.edu.cn), College of automotive and energy engineering, Tongji
university, China
Yu, Haiyan (yuhaiyan®@tongji.edu.cn), College of automotive and energy engineering, Tongji
university, China
Zhang, Daixin (2231617@tongj.edu.cn), College of automotive and energy engineering, Tongji
university, China
Gao, Ze (gaoze@tongji.edu.cn), College of automotive and energy engineering, Tongji university,
China
Hu, Peiyuan (2511533@tongji.edu.cn), College of automotive and energy engineering, Tongji
university, China

Humidity environments can lead to degradation of adhesive bond strength, compromising structural
safety. In this study, the moisture sorption behavior of the adhesive was characterized through accel-
erated moisture absorption tests on adhesive bulk specimens. Subsequently, double cantilever beam
(DCB) tests and end-notched flexure (ENF) tests were performed on adhesive layers both before and
after moisture absorption to determine their Mode-I and Mode-Il fracture properties. A cohesive zone
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model incorporating moisture-induced degradation was developed. Furthermore, a corresponding VU-
MAT subroutine was implemented in the ABAQUS platform to simulate the shear-tensile behavior of
CFRP/AI adhesive joints after moisture absorption. Experimental results show that the saturated mois-
ture absorption of the adhesive bulk specimens was 3.22%. After 10 and 30 days of moisture exposure,
the failure loads of the joints under shear-tensile tests decreased by 19.37% and 31.09%, respectively.
Moreover, significant reductions were observed in both the critical fracture energy release rates and
maximum interfacial stresses for Mode-l and Mode-Il in the moisture-conditioned adhesive layers. Nu-
merical simulations indicated that the relative errors between the experimental and simulated ultimate
loads for joints after 10-day and 30-day moisture absorption were only 1.74% and 3.92%, respectively.
The simulated load-displacement curves showed excellent agreement with the experimental results.

Enhanced Interfacial Adhesion in Al/PU and Al/epoxy joints via
Eco-Friendly Potassium Chloride Anodizing

Moldabayeva, Madina (Madina.Moldabayeva®©nu.edu.kz), Nazarbayev University, Kazakhstan
Bakhbergen, Umut (UBakhbergen@nu.edu.kz), Nazarbayev University, Kazakhstan
Araby, Sherif (sherif.gouda@nu.edu.kz), Nazarbayev University, Kazakhstan

Laminated composites are widely utilized in aerospace and automative industries due to their outstand-
ing mechanical performance: high strength-to-weight ratio and fatigue and impact resistance [1, 2].
However, the interfacial strength between metallic and polymeric layers continues to pose a constraint
on their broader application [3]. Conventional metallic surface treatment enhances interfacial strength
[4, 5]. However, their substantial costs and the use of hazardous chemicals pose economic and en-
vironmental concerns. In this regard, an innovative aluminum (Al 2024-T3) electrochemical surface
treatment with potassium chloride (KCI) electrolyte is developed in this study and applied to both soft
— polyurethane (PU), and rigid — epoxy, adhesives. A full factorial experimental design was employed to
evaluate the effects of electrolyte concentration (0.05, 0.1, and 0.2M) and anodizing time (5, 10, and
20min) at a constant voltage of 12V. Al surface morphology and the lap shear and peel strength of Al-
PU and Al-epoxy joints were investigated. Scanning electron microscopy and atomic force microscopy
images showed the formation of a porous surface structure, promoting adhesive penetration and me-
chanical interlocking. Significant improvements in both lap shear and peel strength were achieved:
lap shear strength increased by 3.0-fold for Al-PU joints (0.05M, 5min), while a 7.6-fold increase was
obtained for Al-epoxy joints (0.1M, 20min). Fracture analysis confirms enhanced interlocking at Al-PU
and Al-epoxy interfaces and transition from adhesive to cohesive failure mode. The results position
novel KCl-anodizing process as a promising, environmentally benign, and scalable Al surface treatment
method which improves metal-adhesive interfaces for soft and rigid adhesives.
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Keynote Lectures

Layer-Wise Theories for the Analysis of Laminated Glass Structures in a
Peridynamic Framework

Naumenko, Konstantin (konstantin.naumenko@ovgu.de), Otto-von-Guericke-University Magdeburg,
Germany

Laminated glass components, such as automotive windscreens, architectural glazing, and photovoltaic
modules, are routinely subjected to diverse mechanical actions including wind pressure, snow loads,
hail impact, and gust-induced loading. Structural analysis of laminated glass is traditionally performed
using layer-wise theories, in which each layer is modeled by beam, plate, or shell theories, coupled
through compatibility conditions or interlayer force transfer relations. This presentation introduces an
extension of classical layer-wise approaches by incorporating peridynamic (PD) nonlocality, enabling a
unified and consistent treatment of both intact and damaged laminated glass configurations. Beginning
with a single-layer formulation, a first-order shear deformation theory is developed within a peridynamic
framework. The approach is then extended to multilayered laminates, resulting in governing equations
of motion that allow both cross-sectional responses and interlayer force and moment interactions to
exhibit long-range, nonlocal behavior. Local kinematic compatibility between adjacent layers is enforced,
which naturally gives rise to nonlocal interaction forces in the peridynamic sense. Numerical examples
demonstrate that, for smooth laminated glass beams, the proposed PD layer-wise theory produces
results in close agreement with published solutions obtained from classical layer-wise beam formulations.
For beams containing pre-existing cracks, the analysis reveals that the crack opening displacement
increases with the peridynamic horizon size, highlighting the intrinsic nonlocal character of the PD
crack model. In cases where one glass layer is fractured, the maximum interlayer shear force is found
to scale inversely with the horizon size, indicating a direct influence of nonlocality on interlayer load
transfer mechanisms. The proposed formulation offers a computationally efficient alternative to fully
three-dimensional peridynamic models while retaining the ability to capture key physical effects, such
as interlaminar load transfer and finite interfacial shear stresses near cracks, regions where classical
plane-stress-based approaches often predict singular behavior. Although minor discrepancies arise due
to the neglect of transverse normal deformation in compliant interlayers, the overall predictive capability
of the model remains robust, making it well suited for practical analysis of laminated glass structures.

Modeling composite structures with Reissner Mixed Variational Theorem

D'Ottavio, Michele (mdottavi@parisnanterre.fr), LEME, Université Paris Nanterre, France

Advanced modeling strategies for composite structures are considered with special attention to the
mixed approach that was first completely stated by Reissner in 1984, and therefore often referred to as
Reissner Mixed Variational Theorem (RMVT). This variational formulation has the displacements and
the transverse stresses as independent field variables, i.e., only those field variables that are required
to fulfil the interlaminar continuity across a heterogeneous stack of perfectly bonded plies. For this
reason, RMVT can be seen as the "natural variational framework" for constructing structural models
for composite structures. The presentation addresses displacement- and stress-driven variants of RMVT
and comparisons with the analogous Hellinger-Reissner (HR) principles. Two-dimensional plate/shell
models are formulated within the so-called "axiomatic" dimensional reduction procedure, in which trial
distributions are introduced for the field variables across the composite stack, and subsequently the
dependency on the thickness coordinate is eliminated by carrying out the integrations. The general
variable-kinematics approach is here adopted, that was first introduced by Carrera with his Unified
Formulation. When dealing with mixed formulations, particular attention must be given to a proper
choice of the introduced approximations in order to obtain well-posed problems and avoid non-physical
responses. Results are presented for laminated and sandwich structures, obtained by means of semi-
analytical as well as numerical solution methods.
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Biobased Composites for Load Bearing Applications: Key Performance
Targets, Challenges and Future Opportunities

Dhakal, Hom Nathan (hom.dhakal@port.ac.uk), Portsmouth Centre for Advanced Materials and
Manufacturing (PCAMM), School of Electrical and Mechanical Engineering, Anglesea Road, Anglesea
Building, University of Portsmouth, PO1 3DJ, UK, United Kingdom

Biobased composites have gained considerable attention from industry and academicians in various
applications due to their key attributes including high specific-strength-to weight ratios, sustainability
and better environmental performance compared to their conventional glass and carbon fibre reinforced
composites counterparts. This keynote talk will focus on some of the work performed on natural plant
fibre reinforced sustainable lightweight biobased composites for load-bearing engineering applications
including marine, automotive, renewable energy and building and construction sectors. Key performance
targets (mechanical, thermal, long-term durability and exposure to extreme environmental conditions)
relating to key application areas, challenges and ways to achieve them will be presented and discussed.
Additionally, microstructures and physicochemical characterisations using advanced characterisations
techniques such as micro-CT, SEM and advanced imaging will be presented. The keynote talk will
focus on three key aspects: First, the talk will introduce the importance of sustainable natural plant
fibre reinforced biobased composites in tackling the current environmental issues caused by use of
fossil-based materials in advanced engineering applications. The keynote talk will then concentrate
on structure property relationships, influence of exposure to various harsh environmental conditions
on the key mechanical, thermal and long-term properties by analysing some results obtained from
various experimental works from ongoing and recently completed research projects. Some fabrication
techniques and their influence on the various properties will also be discussed. Finally, the potential
use of these lightweight sustainable biobased composites in load bearing applications (non-structural,
semi-structural and structural) relating to key application areas, major challenges will be further high-
lighted and discussed by analysing some experimental results and by presenting ways to enhance the
key properties by reviewing some current and previously published works. Keywords: Biobased com-
posites; Mechanical property; Morphological characterisation; Long-term durability; X-ray micro-CT;
Sustainability; Processing parameters.

Composites in structural engineering and architecture

Keller, Thomas (thomas.keller@epfl.ch), Swiss Federal Institute of Technology Lausanne, EPFL,
Switzerland

The lecture is about the lessons learnt from a 30 years' journey of the author as a pioneer, scientist,
designer, and lecturer in the field of fibre-polymer composites, applied to structural engineering and
architecture. The lecture starts with the appearance of first composite bridges and buildings in the
1990s and then focuses on vehicular bridges, adhesive connections, function integration in building
construction, durability and sustainability, and ends with conclusions about opportunities for composites
and research needs.

Alternative methods to qualify adhesively-bonded repair composites in
damage pipelines

Reis, J.M.L. (jreis@id.uff.br), Universidade Federal Flumiensne, Brazil

Composite repair systems for metallic pipelines presenting a through-wall defect must be qualified in
accordance with either 1ISO 24817 or ASME PCC-2 standards. This qualification method requires a
number of hydrostatic tests to obtain the failure pressure, which demands time and high costs. In the
oil and gas industry, the failure pressure estimation is often performed using a linear fracture mechanics
analysis described in both ISO and ASME standards. These standards require the determination of a
constant fracture energy, also called the energy release rate. In the case of monotonically increasing
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loading histories, in the framework of linear fracture mechanics, brutal interfacial debonding occurs
when the fracture energy reaches a critical value. This study is an attempt to show that simpler
tests, such as, shaft-loaded, pressurized blister test or DCB joints can be employed as an alternative to
hydrostatic tests in the qualification of repair systems. Results show a reasonable similarity between the
critical energy values found using such alternatives with the ones obtained with the standard required
hydrostatic tests.

Atomistic Simulation of Toughness Increase due to Crack-Tip Shielding by
Embedded Nanoparticles in Carbon Nanocomposites

Roy, Samit (sroy@eng.ua.edu), University of Alabama, USA

It is now well documented in the literature that the inclusion of nanoparticles, such as graphene
nanoplatelets (GNP), in matrix materials, such as epoxy, can result in significantly improved frac-
ture toughness in mode | and mixed-mode. One of the mechanisms postulated to increase the effective
crack initiation fracture toughness is the crack tip shielding effect due to nanoparticles in the fracture
process zone. This effect is deemed to arise due to debonding of nanoparticles from the matrix material
in the process zone, which in turn reduces the stress state at the tip of the primary crack via shielding.
Thus, debonding of nanoparticles act to redistribute stress in the crack tip region, thereby lowering the
near tip stress intensity factor, depending on their orientation relative to the crack. Therefore, higher
far-field loads can be achieved before the critical stress intensity is reached at the crack tip. In this paper
the novel K-field approach is used in conjunction with molecular dynamics (MD) to model fracture in
an amorphous carbon matrix material, with embedded GNPs. Amorphous carbon matrix is deliberately
selected to facilitate the computational efficiency of the solution process, because the fracture process
zone size for amorphous carbon is relatively small from a MD simulation viewpoint. Moreover, amor-
phous carbon is gaining popularity as a precursor for high temperature carbon-carbon composites. The
effect of GNPs on the shielding of the crack tip, with different orientations (vertical, horizontal, and
45 degrees to the crack plane) and location relative to the crack-tip is thoroughly investigated using
detailed virial stress plots, the atomistic J-integral, and compared with linear elastic fracture mechanics
(LEFM) predictions. Significant crack-tip shielding by GNPs is predicted from MD simulations, both
at crack initiation and also during crack propagation.

GFRP Rebars in Concrete Construction: Carbon-Footprint Reduction and
End-of-Life Reuse/Recycling Pathways

Mingazzini, Claudio (Claudio.mingazzini@enea.it), ENEA SSPT-TIMAS-MCC, Italy
Grilli, Selene (selene,grilli@enea.it), ENEA SSPT-TIMAS-MCC, Italy
Valli, Cristiano (cristianovalli.enea@gmail.com), Certimac soc. cons. a rl, Italy
Babei, Fatemeh (babaeifatemeh937@gmail.com), Certimac soc. cons. a rl, Italy
Coglitore, Antonino (antonino.coglitore@enea.it), ENEA SSPT-TIMAS-MCC, Italy

Most pultruded composite bars used as internal reinforcement in concrete elements and structures are
GFRP rebars (Glass Fiber Reinforced Polymer). The primary driver is economic: when expressed as
cost per unit of allowable tensile capacity, GFRP bars are typically around one quarter of the equivalent
carbon-FRP option, even after accounting for the lower elastic modulus of GFRP, which may require
a larger bar area to control serviceability (crack width and reinforcement strain). In normal-strength
concrete, tensile cracking occurs at very small strains (on the order of 150 micro strain) depending on
the concrete tensile strength and modulus), making stiffness a governing parameter at SLS. Because
of the relatively low modulus of GFRP and the limited ductility of concrete, demolition/deconstruction
of GFRP-reinforced concrete tends to impose lower peak stresses on the continuous reinforcement. As
a result, pultruded bars may have a higher probability of being recovered intact and potentially reused
(after appropriate inspection and qualification), rather than being downgraded to waste. Beyond end-of-
life considerations, replacing steel reinforcement with GFRP can reduce the whole-life carbon footprint,
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primarily by eliminating corrosion-driven deterioration and the associated repair/strengthening cycles.
Steel-reinforced concrete durability is often governed by carbonation- or chloride-induced depassivation
and corrosion; once alkalinity is reduced and corrosion initiates, repairability and remaining service
life can be severely compromised. Corrosion-free reinforcement is therefore particularly attractive for
structures in aggressive environments (marine/offshore, saline soils), where it can unlock longer design
working life and enable structurally optimized concrete components intended for prolonged exposure
to seawater (e.g., coastal protection systems). The talk will quantify these aspects from the literature
and will also outline ENEA's ongoing RD actions aimed at improving the performance, durability, and
sustainability of pultruded GFRP rebars, with specific attention to circularity and end-of-life pathways.

Al-driven damage evaluation and characterization methods for woven
composites and structures

Guo, Licheng (guolc®@hit.edu.cn), Harbin Institute of Technology, China
Wu, Siyang (22b918004@stu.hit.edu.cn), Harbin Institute of Technology, China
Gao, Yunpeng (21B918007@stu.hit.edu.cn), Harbin Institute of Technology, China

Woven composites have significant applications in industrial fields, but their complex macro-meso-micro
multiscale structural characteristics and spatially interlaced mesoscopic woven architecture lead to mul-
tiple bottlenecks in the multiscale damage evaluation and characterization: (1) Damage evolution is
a highly localized problem, but there is a lack of computational methods for composite RVE meet-
ing the demand for "fast and accurate" solutions; (2) There is a lack of concurrent multiscale damage
models that address the need to overcome the "curse of dimensionality"; (3) The fundamental mechan-
ical parameters of woven composites are difficult to measure comprehensively, the multiscale damage
mechanisms are challenging to characterize accurately, achieving dual-validation including strength and
life predictions is difficult. To address these issues, the investigation removes the constraints of static
partitioning schemes and piecewise uniform assumptions on cluster-based reduced-order models. The
Damage-related Adaptive Self-Consistent Clustering Analysis method and the Self-consistent Clustering
Analysis framework with field refinement capability are proposed. They provide effective strategies for
achieving "fast and accurate" computations of composite damage evolution. A meso-micro concurrent
multiscale model SCA-DNN based on the damage evolution genome database is proposed. It achieves
a multiscale computational dimensionality reduction of seven orders of magnitude compared to the
FE2 method. The multiscale damage characterization and strength prediction techniques based on
Al+acoustic emission for composites are established. An attention mechanism-improved U-NET model
is proposed to achieve precise crack identification in CT images and quantitative analysis of multi-mode
crack evolution.

Inverse Differential Quadrature Method for analysing sustainable high
performance composite structures

Weaver, Paul M. (paul.weaver@ul.ie), University of Limerick, Ireland

Sustainability and high-performance are not mutually exclusive. Using the least amount of a material
in a structure that is required to move (i.e. transport systems) is arguably the most environmentally
favourable choice available. Efficient analysis and design tools are required to minimise mass of struc-
tures. State-of-the-art finite element analysis codes are wonderfully versatile and increasingly reliably
effective tools for analysing structures. However, their inherent adaptability comes at a cost of com-
putational efficiency. New structures with highly varying material properties, where performance driven
by nonlinear behaviour is challenging for commercial codes. Indeed rigorous analysis is not necessarily
guaranteed and optimisation can be prohibitively computationally expensive. This bottleneck suggests
the development of computationally structural analysis methods that fit the problem at hand. Here,
we introduce the emerging inverse differential quadrature method that combines strong form solution
methods with some elements of weak form to offer significant computational efficiencies compared to
state-of-the-art. Example structures. will be drawn from beams, plates and shells as well as multiphysics
problems.

133

abst. 1381
CIMA
Wednesday
June 24
09h00

abst. 1397
CIMA
Tuesday
June 23
11h30



abst. 1001
Repository

abst. 1133
CIMA
Friday
June 26
09h00

Micro- and nano-mechanics

Micromechanical Modeling of Hysteretic Responses in Hybrid
Magnetostrictive-Polymer Composites

Huang, Yu-Chun (chun162755@gmail.com), National Cheng Kung University, Taiwan
Lin, Chien-hong (clin@gs.ncku.edu.tw), National Cheng Kung University, Taiwan

This study investigates the nonlinear and hysteretic responses of hybrid magnetostrictive-polymer com-
posites. Magnetostrictive constituents exhibit hysteresis due to irreversible magnetic domain alignment
and internal energy loss under applied magnetic fields, while polymer matrices often display pronounced
time-dependent (viscoelastic) behavior under mechanical or environmental loading. To capture these
coupled effects, a two-scale micromechanical framework is developed to analyze the combined influence
of magnetostrictive hysteresis and polymer viscoelasticity on the overall hysteretic response of the com-
posite. Model predictions are first validated against experimental data from the literature. Parametric
studies are then conducted to examine the effects of boundary conditions, fiber volume fractions, pre-
stress levels, loading rates, and environmental temperatures. In particular, the role of magnetostrictive
hysteresis intensity (strong vs. weak) on the viscoelastic hybrid response is analyzed. The results provide
valuable insight into the design of multifunctional composite structures and support their development
for advanced engineering applications.

What kind of surface elasticity do we need? A view from the lattice
dynamics perspective.

Eremeyev, Victor (eremeyev.victor@gmail.com), University of Cagliari, Italy

The theory of surface elasticity originated from earlier works by Young, Laplace, Poisson and Gibbs. In
the 1970s, Gurtin and Murdoch proposed a rational model [1-3], which was generalised by Steigman
and Ogden in the 1990s [4, 5]. These models have been used to model various size effects observed at
the nanoscale, as well as some macroscopic phenomena. Surface elasticity is based on the introduction
of constitutive equations at a free surface or interface. These include surface deformation energy
and surface kinetic energy density. It has been demonstrated that the presence of surface/interfacial
stresses significantly impacts the effective properties of materials at small scales, particularly when
the ratio of particles near the surface to particles in the bulk is relatively high [6]. Furthermore,
surface energetics can result in the appearance of specific types of surface waves, sometimes referred
to as Murdoch waves [7]. The continuum-type model of surface elasticity is closely related to lattice
dynamics. Indeed, the appearance of surface tension or stresses can be explained by considering the
crystalline structure of the material and the difference in bond properties near the free surface and in
the bulk (see, for example, [8]). In particular, a scaling law connecting lattice dynamics with surface
elasticity was proposed in [9]. It was also demonstrated in [10] that discrete systems, such as a
square lattice, can exhibit more intricate dispersion properties than the continuum models of Gurtin
and Murdoch or Steigman and Ogden. Surface elasticity can also describe thin coatings or interfaces.
As demonstrated in [11], microstructured interfaces cannot be described by these models and require
more complex models of surface elasticity. The aim of this lecture is to discuss the correspondence
between lattice dynamics and surface elasticity, focusing on the relatively simple case of small anti-plane
motions. Using the approach outlined in references [9, 10], we will discuss the dispersion relations of
a few discrete structures. These include an elastic half space with a surface layer of different particles
and some models of interfaces between two elastic half spaces. These interfaces differ in structure. We
then use the obtained dispersion relations to discuss possible continuum models of surface elasticity
that exhibit similar behaviour. References: 1. Gurtin, M.E. and lan Murdoch, A., 1975. A continuum
theory of elastic material surfaces. Archive for rational mechanics and analysis, 57(4). 2. Gurtin, M.E.
and Murdoch, A.l., 1978. Surface stress in solids. International journal of Solids and Structures, 14(6).
3. Gurtin, M.E., Weissmiiller, J. and Larche, F., 1998. A general theory of curved deformable interfaces
in solids at equilibrium. Philosophical Magazine A, 78(5). 4. Steigmann, D.J. and Ogden, R., 1997.
Plane deformations of elastic solids with intrinsic boundary elasticity. Proceedings of the Royal Society
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of London. Series A: Mathematical, Physical and Engineering Sciences, 453(1959). 5. Steigmann,
D.J. and Ogden, R., 1999. Elastic surface—substrate interactions. Proceedings of the Royal Society of
London. Series A: Mathematical, Physical and Engineering Sciences, 455(1982). 6. Duan, H.L., Wang,
J. and Karihaloo, B.L., 2009. Theory of elasticity at the nanoscale. Advances in applied mechanics, 42.
7. Rousseau, M. and Maugin, G.A., 2012. Quasi-particle aspects of Murdoch surface acoustic waves.
The Quarterly Journal of Mechanics Applied Mathematics, 65(2). 8. Murdoch, A.l,, 2005. Some
fundamental aspects of surface modelling. Journal of Elasticity, 80(1). 9. Eremeyev, V.A. and Sharma,
B.L., 2019. Anti-plane surface waves in media with surface structure: Discrete vs. continuum model.
International Journal of Engineering Science, 143. 10. Eremeyev, V.A., 2025. Anti-plane interfacial
waves in a square lattice. Networks Heterogeneous Media, 20(1). 11. Eremeyev, V.A., Rosi, G. and
Naili, S., 2024. On effective surface elastic moduli for microstructured strongly anisotropic coatings.
International Journal of Engineering Science, 204.

Effect of Hydroxyapatite Particle Size on the Mechanical Properties of
PMMA-Based Composite Bone Cement

Karpiriski, Robert (r.karpinski@pollub.pl), Lublin University of Technology, Poland
Jonak, Jozef (jjonak@pollub.pl), Lublin University of Technology, Poland
Szabelski, Jakub (j.szabelski@pollub.pl), Lublin University of Technology, Poland

Poly(methyl methacrylate) (PMMA) bone cements are widely used in orthopaedic fixation; however,
their limited mechanical strength and bioactivity restrict broader clinical applications. Reinforcement
with hydroxyapatite (HA) can enhance both mechanical performance and biological integration, yet
the effect of HA particle size on these improvements remains insufficiently understood. This study
systematically evaluates how nanoscale and microscale HA particles influence the mechanical behaviour
of PMMA-based composite bone cements. Three HA particle size ranges (60 nm, 200 nm, and 2.5
m) were incorporated into commercial PMMA cement at a constant volume fraction. Compressive
strength, Young's modulus, and surface hardness were determined under controlled conditions following
ISO specifications for acrylic bone cements. The composites were further analysed using scanning
electron microscopy to assess filler dispersion and interfacial bonding. Experimental results reveal
pronounced particle size dependence. These findings demonstrate that HA particle size critically governs
the mechanical response of PMMA /HA composites, offering design guidelines for preparing bone cement
formulations toward optimized performance.

Dispersion and localization of anti-plane waves in layered lattice composites

Reccia, Emanuele (emanuele.reccia@unica.it), University of Cagliari, Italy

We examine the propagation of anti-plane shear waves localized along a multi-layered interface within
lattice structures. The system is composed of two semi-infinite media—either homogeneous or charac-
terized by distinct mechanical properties—separated by a three-layer interface region, whose stiffness
may differ from that of the adjacent bulk domains. A discrete lattice framework is adopted, where
masses are interconnected through elastic bonds with region-dependent properties. Within this setting,
a lattice-dynamics formulation is employed to analytically derive the dispersion relations governing wave
propagation along the interface. Particular attention is devoted to the influence of mechanical contrast
between the bulk media and the interfacial layers, assessing how variations in stiffness affect wave local-
ization and dispersion characteristics. The results provide insight into the role of structured interfaces
in guiding and confining wave motion in discrete systems, with potential implications for the design of
engineered materials with tailored dynamic properties.

135

abst. 1295
CIMA
Friday
June 26
09h20

abst. 1434
CIMA
Friday
June 26
10h00



abst. 1436
CIMA
Friday
June 26
09h40

Multistability in beam-lattice structures

Lai, Matteo (matteolai@unica.it), University of Cagliari, Italy
Eremeyev, Victor (victor.eremeev@unica.it), University of Cagliari, Italy
Reccia, Emanuele (emanuele.reccia@unica.it), University of Cagliari, Italy

In recent years, beam-lattice metamaterials have attracted increasing attention due to their ability to
replicate the behavior of classical crystalline lattices while exhibiting advantageous properties such as low
density, high deformability, and enhanced energy absorption. Within this class of materials, mechanical
instabilities—analogous to Euler buckling—play a key role in governing their macroscopic response. For
instance, in elastomeric open-cell foams, such instabilities give rise to characteristic plateau regions in
the force—displacement response at the microscale, resembling plastic-like behavior. This contribution
focuses on the analysis of multistable structures, defined as systems capable of admitting multiple
equilibrium configurations under the same external load. These systems often exhibit complex nonlinear
phenomena, including snap-through and snap-back responses. As a representative case, a periodic truss
structure composed of unit cells inspired by the von Mises truss is investigated. Equilibrium equations
are derived and the corresponding equilibrium paths are explored. Despite the apparent simplicity of
the structural scheme, the resulting mechanical response proves to be highly intricate, with equilibrium
paths characterized by multiple branches and loops. Parametric analyses are performed to highlight
the influence of key geometric and mechanical parameters on system behavior. Finally, the study
addresses advanced modeling strategies based on effective continuum descriptions incorporating material
instabilities, providing a framework for bridging discrete lattice behavior and macroscopic response.
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Modelling and characterization of CNT-polymer composites

Drop-In Reinforcement: A Simple Method for integrating VACNTs into
Epoxy Adhesive Films

Stubbe, Johannes Eduard (joha0007@e.ntu.edu.sg), Nanyang Technological University, Singapore
Li, Hong (ehongli@ntu.edu.sg), School of Mechanical and Aerospace Engineering, Nanyang
Technological University, Singapore
Coquet, Philippe (PCoquet@ntu.edu.sg), IRL3288 CINTRA (CNRS-NTU-THALES), Nanyang
Technological University, Singapore 637553 Singapore; Institut d’Electronique, Microélectronique et
Nanotechnologie, CNRS, Univ. Lille, France
Zitoune, Redouane (redouane.zitoune@iut-tlse3.fr), Institut Clement Ader, France
Tay, Beng Kang (EBKTAY®@ntu.edu.sg), Nanyang Technological University, Singapore

Lightweight structures in aerospace and automotive are reliant on high-performance adhesive films for
composite joining. However, shear strength and delamination at the bond line often remain limiting
factors in joint design. Vertically Aligned Carbon Nanotubes (VACNTSs) are promising reinforcements
due to their high aspect ratio, tensile strength, and alignment perpendicular to the substrate. Despite
this potential, it remains challenging to transfer the delicate VACNT architecture from the growth
substrate into a thin adhesive film without damaging the forest. In this study, we 1) present a novel
transfer method using a flip chip bonder for the precise integration of VACNTs into a commercial
epoxy film and 2) evaluate the resulting effect on single lap shear performance. VACNT forests were
synthesized via chemical vapor deposition (CVD). To enable a clean and effective removal from the
silicon growth substrate, we performed an in-situ water etch at the end of the growth to weaken the
interface between the catalyst and the CNT forest. Carbon fiber epoxy composite adherends were
prepared, and a layer of FM300 epoxy film adhesive was applied to the bond area. Using a flip chip
bonder, the VACNT forest was brought into contact with the uncured adhesive film at a slightly elevated
temperature (below the cure onset) to promote tackiness and wetting, ensuring the forest was embedded
without damaging its vertical alignment. The assembly was then cured according to manufacturer’s
specifications. Single lap shear (SLS) testing was conducted according to ASTM D1002 to quantify
the adhesion strength, with neat adhesive films serving as reference. Mechanical testing revealed
that the integration of the VACNT forest resulted in a measurable increase in joint single lap shear
strength compared to the neat FM300 baseline. This enhancement confirms that the VACNTs were
successfully transferred and remained engaged at the adherend-adhesive interface. The improvement is
attributed to the VACNTs promoting enhanced load transfer and microcrack bridging. The process is
designed as a simple post-application step: the VACNTSs are applied directly to the uncured adhesive
film immediately prior to bonding, rather than being incorporated during film manufacturing. This
allows the reinforcement strategy to be applied to any adhesive film without modifying the existing
production process. This study validates a method for the successful integration of VACNT forests
into epoxy adhesive films using a flip chip bonding technique. The process preserves the structural
integrity of the VACNTSs and does not compromise the film's baseline performance. The positive gain
in lap shear strength confirms that VACNTSs contribute to the reinforcement of structural bonds. These
findings open the door for further optimization, such as tuning VACNT density, height, and surface
functionalization, to maximize the reinforcement potential for structural adhesives.
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Multi-scale analysis of composites

Torsional dynamic response of swcnt-reinforced nanocomposites with
interfacial stress concentrations

Ganesan, Rajamohan (r.ganesan@concordia.ca), Concordia University, Canada
Shahnooshi, Ehsan (ehsan.shahnooshi@concordia.ca), Concordia University, Canada

Polymer nanocomposites reinforced with Carbon nanotubes are increasingly use in advanced composite
structures, particularly in the aerospace, green energy, and automotive engineering applications. There-
fore, a comprehensive investigation of their dynamic behaviour is vital for the development of novel
material designs and cost-efficient manufacturing processes. Due to higher risk of buckling and fracture
in the nanotubes and the interface regions in nanocomposites under torsional loadings, the torsional
mode of vibration becomes critical. Moreover, torsional vibration is very common and critical in ma-
chine components such as power generation and transmission systems and spinning shaft-disc systems.
Hence, understanding the torsional dynamic response and behaviour of Carbon-Nanotube-reinforced
nanocomposites is important. In practical fabrication, interfacial defects, especially nanotube—polymer
debonding, are inherent and unavoidable. Therefore, characterizing the influence of such defects on
the material stiffness and the resulting changes in the dynamic behaviour of nanocomposites is essen-
tial. However, dynamic experimental characterization is very expensive, prone to inconsistency, and
frequently infeasible. As an alternative, the multiscale computational material modelling developed
based on multiscale finite elements and multiscale mechanics, provides a robust, accurate, and cost-
efficient approach for assessing the dynamic behaviour. In the present study, a multiscale finite element
model based on the Representative Volume Element (RVE) approach of a nanocomposite material with
Single-Walled Carbon Nanotube (SWCNT) as reinforcement phase is developed in ABAQUS environ-
ment. The RVE model consists of SWCNT, interfacial region, and polymer matrix. The SWCNT is
modelled as a thin shell characterized by using a spatial nano-frame atomic structure and the Morse
potential law. The interface between SWCNT and polymer matrix is represented using Van Der Waals
bonding based on the Lennard-Jones potential. The stiffness distributions within the RVE and the
modal response of the RVE are determined for torsional vibrations. The dynamic material properties
including torsional natural frequencies, torsional mode shapes and torsional critical damping coefficients
of the RVE are determined. The simulation results are verified using existing studies. The effects of
interfacial debonding at different locations and in various patterns on the stiffness distributions within
RVE and consequently on the dynamic response of RVE in torsional vibration modes are character-
ized. Based on these, aspects of material design and manufacturing considerations are systematically
established.

Analysis of the effect of fibre-prestressing on residual stresses in

CFRP /steel hybrid components using a micromechanics-based finite
element simulation with a dehomogenization method

Irmak, Hayrettin (hayrettin.irmak@uni-paderborn.de), Chair of Automotive Lightweight Design,
Faculty of Mechanical Engineering, Paderborn University, Germany

Marten, Thorsten (thorsten.marten@uni-paderborn.de), Chair of Automotive Lightweight Design,
Faculty of Mechanical Engineering, Paderborn University, Germany

Tréster, Thomas (thomas.troester@uni-paderborn.de), Chair of Automotive Lightweight Design,
Faculty of Mechanical Engineering, Paderborn University, Germany

Residual stresses in directly joined hybrid structures made of steel and carbon-fibre-reinforced epoxy
(CFRP) significantly affect the interface and overall joint strength, and therefore must be considered
when evaluating the structural integrity of lightweight components. The application of fibre-prestressing
(FP) to the CFRP component allows control and reduction of these residual stresses. In this study,
fibre-prestressing was applied to the CFRP layer at defined prestressing levels of 20 MPa and 60 MPa
using a dedicated clamping and press-forming system, and hybrid laminates were manufactured by
stacking unidirectional, pre-impregnated semi-finished products (prepregs). Following the direct hybrid
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manufacturing process, the pre-impregnated CFRP layers were placed onto the pre-formed steel sub-
strate and cured under controlled temperature and pressure conditions. The resulting residual stresses
and their distribution in the thickness direction were analysed experimentally and numerically and com-
pared between the without fibre-prestressing (w/oFP) and with fibre-prestressing (w/FP) conditions.
For the strength evaluation of the metal-fibre laminates, quasi-static mechanical tests were conducted,
including the single-lap shear and interlaminar shear strength (ILSS) methods, in order to analyse the
influence of fibre-prestressing on the load-bearing behaviour and failure mechanisms of the hybrid joints.
In the subsequent part of the study, a material model was developed using a numerical homogenization
technique based on representative unit cells to calculate effective cure-dependent thermo-mechanical
properties for numerical analysis. The heterogeneous microstructure was modelled with a thermo-
chemo-viscoelastic constitutive model for the epoxy matrix, and the material model was implemented
as a user material (UMAT) in Abaqus/Standard. The homogenized material was applied in the curing
and simultaneous hybridization simulation of a flat steel-CFRP hybrid, in which the CFRP was mod-
elled as a transversally isotropic unidirectional laminate. After passing through the hardening process,
the resulting residual stresses in thickness direction were analysed for the CFRP and steel components
and then validated using the incremental hole drilling method. Based on this modelling framework, a
dehomogenization method was utilized that allows the deformation state to be measured at selected
points in the macrostructure and applied to selected microstructures by subjecting the representative
unit cell to the specified temperature-time curing profile followed by loading with the macroscopic strain
tensor. The results demonstrate that fibre-prestressing reduces residual thermal stresses and laminate
deflection, leading to improved structural performance. This confirms fibre-prestressing as an effective
approach to tailor residual stress states and enhance dimensional stability in intrinsically manufactured
fibre-metal hybrids. The simulation results were validated using the incremental hole drilling method,
showing good agreement between predicted and experimentally measured residual stresses. Last but not
least, the presented dehomogenization method closes the multi-scale analysis by enabling the feedback
from the macroscopic level to the microscopic level, allowing the effect of the macroscopic residual
stress state to be evaluated within the representative unit cell.

Multi-Scale Investigation of Matrix Failure in Fiber-Reinforced Composites:
A Parametric Study of Constituent and Interface Properties

Feng, Chenhui (243802025@csu.edu.cn), Light Alloy Research Institute, Central South University;
State Key Laboratory of Precision Manufacturing for Extreme Service Performance, Central South
University, China
Huang, Cheng (13552284823@139.com), Light Alloy Research Institute, Central South University;
State Key Laboratory of Precision Manufacturing for Extreme Service Performance, Central South
University, China
Wang, Yulong (233802034@csu.edu.cn), Light Alloy Research Institute, Central South University;
State Key Laboratory of Precision Manufacturing for Extreme Service Performance, Central South
University, China
Chang, Xin (xinchang@csu.edu.cn), Light Alloy Research Institute, Central South University; State
Key Laboratory of Precision Manufacturing for Extreme Service Performance, Central South University,
China

Multiscale analysis of fiber-reinforced composites has been widely conducted to investigate failure mech-
anisms induced by mesoscopic stress fields. Meanwhile, extensive efforts have been devoted to devel-
oping resin matrices with higher strength and interface toughening strategies that provide improved
bonding performance. However, the compatibility between the properties of composite constituents
under different loading conditions and fiber volume fractions, as well as the boundaries governing
transitions between failure modes, has not been sufficiently studied. Based on a representative vol-
ume element construction method proposed by the author, this study investigates the failure behavior
of composites over a wide range of fiber volume fractions (from 40% to 75%). The influences of
variations in matrix, fiber, and interface properties on failure modes and failure loads are examined.
In addition, different application scenarios are considered, including mechanical loading and thermo-
mechanical loading conditions. The results indicated that the matching relationships between matrix
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and interface properties depend on the type of fiber used. The thermal expansion coefficient, modulus,
and strength of the resin matrix all affect the mesoscopic stress field and the resulting failure behavior.
The properties of the fiber, matrix, and service conditions impose specific requirements on interface
performance. When the interface properties are below a critical threshold, mesoscopic failure tends to
occur through combined matrix and interface failure modes. When the interface properties exceed this
critical value, further interface toughening provides little benefit in improving the overall performance
of the composite. This study explicitly identifies the performance requirements for matrix modification
and interface toughening aimed at enhancing the overall mechanical performance of fiber-reinforced
composites, and provides useful guidance for future research.

Macrohomogeneity in Micropolar Continua for Composite Materials

Trovalusci, Patrizia (patrizia.trovalusci@uniromal.it), Department of Structural and Geotechnical
Engineering, Sapienza University of Rome, Italy
De Bellis, Maria Laura (marialaura.debellis@unich.it), Department of Engineering and Geology,
University of Chieti-Pescara, Italy
Ongaro, Greta (greta.ongaro@uniromal.it), Department of Structural and Geotechnical Engineering,
Sapienza University of Rome, Italy

Multiscale homogenization is a well-established technique, widely developed in computational schemes,
which allows to evaluate the effective response of heterogeneous composite media both in linear and
non-linear material behavior ranges [1]. Within this framework, a generalized Hill-type macrohomo-
geneity condition is proposed for the multiscale modeling of heterogeneous micropolar continua [2-4].
The formulation relies on an explicit separation of symmetric and skew-symmetric components of strain
and stress, allowing a rigorous description of their energetic coupling with curvature and couple stress
measures. Within a unified tensorial framework, consistent Dirichlet and Neumann boundary conditions
are directly derived from power equivalence, ensuring scale-consistent energy balance. The approach is
validated through Finite Element Analysis on both homogeneous and heterogeneous media, demonstrat-
ing the energetic consistency of the formulation [5]. The proposed framework provides a robust basis
for advanced multiscale modeling of complex microstructured composite materials. Keywords: Microp-
olar continua, Generalized macrohomogeneity condition, Skew-symmetric strain and stress, Dirichlet
and Neumann boundary conditions. Acknowledgements: This work is supported by MIUR, project:
National Center on HPC, Big Data and Quantum Computing (ICSC), PNRR - CN1- Spoke6 (CUP:
B83C22002940006), Sapienza Ateneo Progetti Grandi (CUP: B83C24007070005), and PROGETTO
MUSICS - FISA-2023-00099 (CUP: B83C25000810001). References: [1] Trovalusci, P. Molecular ap-
proaches for multifield continua: origins and current developments. In Multiscale modeling of complex
materials: phenomenological, theoretical and computational aspects, 211-278, Springer, 2014. [2] Hill,
R. Elastic properties of reinforced solids: some theoretical principles. Journal of the Mechanics and
Physics of Solids, 11(5):357-372, 1963. [3] Liu, Q. Hill's lemma for the average-field theory of Cosserat
continuum. Acta Mechanica, 224, 851-866, 2013. [4] Trovalusci, P., Ostoja-Starzewski, M., De Bellis,
M.L., Murrali, A. Scale-dependent homogenization of random composites as micropolar continua. Eu-
ropean Journal of Mechanics-A/Solids, 49:396-407, 2015. [5] Trovalusci, P., De Bellis, M.L., Ongaro,
G. On a macrohomogeneity condition for micropolar continua: the role of skew-symmetric strain and
stress. To be submitted, 2026.

Multiscale analysis of the interphase in ceramic matrix composites

Ma, Yong (ma_ yong@nwpu.edu.cn), Northwestern Polytechnical University, China

Interphase layer plays a crucial role on the pseudoplasticity behavior and failure mechanism of fiber
reinforced ceramic matrix composites (FRCMCs). Experiments have demonstrated that increasing the
interphase thickness can cause non-monotonic changes in both matrix cracking stress and ultimate
strength. However, the underlying mechanism has not been revealed. Therefore, we conducted an
multisacle analysis on the effect of the interphase layer on the damage and failure of FRCMCs. We
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found that the interphase layer works mainly through relieving residual thermal stress (RTS), adjusting
interfacial friction, altering interfacial shear stress, and influencing debonding toughness. To quanti-
tatively evaluate these factors, we firstly conducted theoretical analysis for the damage evolution of
FRCMCs at the mesoscale. The Coulomb friction law was adopted to describe the interfacial friction in
the debonded region, and the influence of the Poisson effect, RTS, and interface roughness on the inter-
facial friction were further considered as thoroughly as possible. Thereby, a comprehensive mechanical
model for the tensile behavior of FRCMCs, involving the matrix cracking stress, ultimate strength as
well as stress-strain relationship was derived. Based on this model, three cracking modes, i.e., perfectly
bonded, debonding with and without interfacial separation were identified and the mechanism of non-
monotonic influence of interphase thickness was thoroughly revealed as the transition of the cracking
modes. Moreover, a set of parameters describing the interfacial property of FRCMCs was proposed,
including the Coulomb friction coefficient, debonding toughness, axial and radial residual stress. To
further reveal the effect of interphase layer on FRCMCs, we then investigated the effect of microtexture
of Pyrolytic Carbon (PyC) interphase layer on the interface performance through a series of molecular
dynamics (MD) simulations at the nanoscale. MD results indicate that the orientation angle (OA)
plays a dominant role on the interfacial behavior at the nanoscale. As the gradual increase of OA,
interfacial shear deformation behavior transforms from localized penetrating sliding into large-scale uni-
form plasticity, attributed to the trade-off between domain dispersity and pore-like defects of PyC. The
interphase layer of high texture (OA<500) has a lower debonding toughness, making it easier to deflect
matrix cracks and avoid brittle failure, while the interphase layer of low texture (OA>800) leads to a
higher interfacial friction, which helps to enhance the toughening effect of fibers on FRCMCs. These
results provide theoretical guidance for the optimization of interphase layer of FRCMCs.

Predictive Multiscale Modelling and Simulation of Lightweight Honeycomb
Sandwich Structures

Kondratiev, Andrii (andrii.kondratiev@mailbox.tu-dresden.de; andrii.kondratiev@kname.edu.ua), 1
TUD Dresden University of Technology, Institute of Lightweight Engineering and Polymer Technology;
2 O.M. Beketov National University of Urban Economy in Kharkiv, 1 Germany; 2 Ukraine
Griiber, Bernd (), TUD Dresden University of Technology, Institute of Lightweight Engineering and
Polymer Technology, Germany
Gude, Maik (), TUD Dresden University of Technology, Institute of Lightweight Engineering and
Polymer Technology, Germany

Sandwich structures with honeycomb cores are widely used in lightweight engineering due to their ex-
ceptional stiffness-to-weight ratio, thermal stability, and damage tolerance. However, their design and
optimization remain challenging because the structural response is governed by coupled phenomena
acting across multiple length scales, from material microstructure to global structural behaviour. The
objective of this study is to develop and demonstrate a multiscale simulation framework for sandwich
honeycomb structures that enables weight-efficient design while ensuring structural integrity, thermal
stability, and manufacturing feasibility under combined thermo-mechanical loading. The proposed ap-
proach integrates micro-, meso-, and macro-level modelling. At the micro-scale, effective properties of
composite face sheets and adhesive joints are derived considering anisotropy, curing effects, and residual
stresses. At the meso-scale, detailed honeycomb core models account for cell geometry, height, orienta-
tion, and material orthotropy. These homogenized properties are then transferred to macro-scale finite
element models of full sandwich panels and representative components. The framework is validated
through comparison with experimental data and full-scale tests reported in prior developments. The
multiscale simulations reveal that local meso-scale parameters of the honeycomb core and face-sheet
layup have a decisive influence on global stiffness, stress distribution, and failure margins. Optimiza-
tion of honeycomb geometry and adhesive application strategy enables significant mass reduction while
maintaining or improving load-bearing capacity. The proposed approach demonstrates weight savings
of up to 20% compared to baseline designs, with good agreement between numerical predictions and
experimental observations. The presented multiscale simulation framework provides an effective and
physically consistent tool for the design and optimization of sandwich honeycomb structures. By en-
abling systematic transitions between length scales, the proposed approach enhances predictive accuracy
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and supports the design and optimization of lightweight, reliable sandwich components for advanced
lightweight engineering applications.

A hybrid data-driven and symbolic regression approach for elastoplastic
behaviors of composite materials

Jiang, Honghao (20hhjiangl@stu.edu.cn), Shantou University, China
Tao, Zeng (taozeng@hrbust.edu.cn), Shantou University, China
Zhao, Jue (18jzhao@stu.edu.cn), Shantou University, China
Xu, Guodong (xuguodong@stu.edu.cn), Shantou University, China
Wang, Xiaohong (xiaohongwang@stu.edu.cn), Shantou University, China

To address the limitations in interpretability and physical consistency of machine learning (ML) models
applied to solve elastoplasticity problems, this study proposes a hybrid ML framework that integrates
symbolic regression (SR) with a data-driven approach. This integration ensures that the proposed
model is not only highly accurate but also interpretable and consistent with the fundamental principles
of elastoplasticity theory, while significantly reducing computational costs. Specifically, a representative
volume element (RVE) incorporating microstructural information is employed to generate principal
strain-stress data through finite element method (FEM). The internal variable that characterizes the
plastic behavior of composite materials is then extracted from the strain-stress data. A yield surface
function is formulated through SR based on the principal stress-strain data and internal variable. The
resulting yield function and principal strain-stress data are incorporated into a data-driven computation
framework to predict the elastoplastic responses of composite materials. The effectiveness of the
proposed method is validated through comparisons with the direct numerical simulation in two case
studies, demonstrating its superior computational efficiency and predictive accuracy.

A novel multi-scale model for shear deformation of thick composite beams

He, Tianyun (hetianyun@whu.edu.cn), Wuhan University, China
Huang, Qun (huang.qun@whu.edu.cn), Wuhan University, China
Hu, Heng (huheng@whu.edu.cn), Wuhan University, China

In thick beams, shear effects are often non-negligible. For composite beams, multiscale methods can
significantly improve computational efficiency. However, the transfer of shear strain remains a challenge
at both macro and micro scales. This study is based on the Timoshenko beam theory, incorporating
the principles of microscale structure balance, energy equivalence, and stress averaging, and proposes
a multiscale model for thick beams that accurately captures shear effects. In the axial direction of
the beam, it is assumed that strain averaging is valid, leading to the derivation of periodic boundary
conditions for axial displacement. Since shear strain averaging does not hold, non-periodic boundary
conditions are applied for out-of-plane displacement. By approximating the normal stress under bending
deformation as the normal stress under shear deformation, and utilizing the equilibrium equations to
derive shear stress, the model is further developed. Additionally, the study uses the material’s neutral
axis instead of the geometric neutral axis to avoid introducing fictitious axial forces at the boundaries.
Reference solutions from detailed models in ABAQUS are used to analyze the macroscopic deformations
and microscopic stresses of symmetric, antisymmetric, and complex-structured beams. The results
demonstrate that the proposed multiscale model accurately describes both macroscopic deformations
and microscopic stresses.

Data-driven-Al and Component-Wise-based Unified Models for the free
vibration analysis of sandwich spherical panels with auxetic lattice core

Mantari Laureano, José Luis (jmantari@utec.edu.pe), UTEC, Peri
Laureano, Ronaldo W. (rlaureano@utec.edu.pe), UNI, Perd
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Equivalent-Single-Layer (ESL) and Layer-Wise (LW) models are uncapable of capturing local effects
of auxetic-cored structures due to the use of homogenization techniques, leading to neglection of
relevant phenomena, especially in high-frequency bandwidth. Therefore, in this work, the high-fidelity
Component-Wise (CW) approach is employed as the variable description for building two-dimensional
models within a Unified Formulation framework in order to study the free vibration behavior of sandwich
shells with auxetic lattice core and isotropic skins. The cross-sections of both the auxetic core and skins
are discretized employing higher-order Lagrange polynomials. Weak-form solutions are obtained by using
the Finite Element Method (FEM) with MITC9 elements. Moreover, a surrogate deep-neural-network
(DNN) is trained and tested using hyperparameter tuning, cross-validation, regularization technique.
Several parametric studies are developed with the DNN model in order to analyze the influence of the
geometric dimensions of the plate and the auxetic unit cell.

A SCA-DNN multiscale model for 3D woven composites based on the
damage evolution genome database

Wu, Siyang (22b918004@stu.hit.edu.cn), Harbin Institute of Technology, China
Guo, Licheng (guolc®@hit.edu.cn), Harbin Institute of Technology, China

The damage mechanisms of 3D woven composites are characterized by multiscale and multimode
features, necessitating the development of efficient and accurate multiscale damage evolution models
to reveal their damage behavior. However, current macro-meso-micro concurrent multiscale damage
evolution models suffer from the "curse of dimensionality", which requires the integration of Al models
to resolve. The study proposes an SCA-DNN multiscale model based on the material damage evolution
genome database to predict the meso-micro damage evolution behavior of 3D woven composites in
parallel. In the model, the mesoscale problem is solved using the Self-Consistent Clustering Analysis
(SCA) method, while the microscale problem is addressed through a Deep Neural Network (DNN) to
achieve equation-free solutions. A SCA-driven high-fidelity damage information compression method is
introduced to obtain the homogenized stress and microscopic damage evolution data of the microscopic
representative volume element. A total of 200000 datasets are collected in the damage evolution genome
database for training the DNN. The simulation analyses of 3D woven composites under four typical
loading conditions using the SCA-DNN method demonstrate three key advantages: (1) The stress-strain
curves and dominant failure modes predicted by the SCA-DNN method are in excellent agreement with
experimental results; (2) The meso-micro multiscale damage evolution processes predicted by the SCA-
DNN method are highly consistent with those obtained from the SCA2 method; (3) Compared to the
SCA2 model, the SCA-DNN model achieves a 2-4 times improvement in computational efficiency.

Micromechanics multiscale damage model for soil-based composites:
experimental and numerical analysis

Soldati, Luca (luca.soldati@unimore.it), DESID Department, University of San Marino; DIEF
Department, University of Modena and Reggio Emilia, San Marino; Italy
Bacciocchi, Michele (michele.bacciocchi@unirsm.sm), DESID Department, University of San Marino,
San Marino
Lanzoni, Luca (luca.lanzoni@unimore.it), DIEF Department, University of Modena and Reggio Emilia,
Italy
Tarantino, Angelo Marcello (angelomarcello.tarantino@unimore.it), DIEF Department, University of
Modena and Reggio Emilia, Italy

This work presents a multiscale micromechanical damage model for predicting the nonlinear mechanical
behavior of soil-based composite. Due to the similarity of these materials with concrete, the material is
treated as a heterogeneous multi-phase composite. The Mori—-Tanaka homogenization scheme is used
within a three-level multiscale framework, progressively homogenizing cement porous paste, mortar,
and concrete phases. To extend the model to soil-based composites, the concept of Fictitious Ele-
ment Inclusion (FEI) is employed, addressing the limitations of classical mean-field homogenization in
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presence of large stiffness differences between matrix and inclusions. This represents a key challenge
when incorporating soft soil phases into a stiff cementitious matrix. A nonlinear damage evolution law
driven by the porosity of the composite as an internal variable is introduced to capture stiffness degra-
dation under compressive loading, consistent with a thermodynamically admissible continuum damage
mechanics framework. The predictive capability of the model is validated against experimental data
from unconfined compression tests, demonstrating good agreement for various composite configura-
tions, from standard concrete to mixtures with up to 50% earth content. The proposed approach offers
a computationally efficient and physically grounded framework for the mechanical characterization of
innovative sustainable composite materials. Acknowledgements: Materials and Structures Testing Lab-
oratory of the University of the Republic of San Marino is gratefully acknowledged for the support
during the experimental campaign. The financial support of the ltalian Ministry of University and
Research (MUR) through the research grant FISA-2022-00183 “EARTH-TECH" (code 00183; CUP:
E93C24000250001) is gratefully acknowledged. The financial support of the University of the Republic
of San Marino through the research grant PRIU2024 “Progettazione Sostenibile e Tecnologie Avanzate
per il Settore delle Costruzioni: Caratterizzazione e Analisi di Materiali e Sistemi Strutturali Innovativi
ed Ecocompatibili” is gratefully acknowledged.

Numerical and experimental study on the tensile behavior of C/SiC
mini-composites

Ruan, Xuangqi (rxqsg@outlook.com), School of Civil Engineering, Harbin Institute of Technology,
China
Wang, Xinyu (DADAGUAI789@outlook.com), School of Ocean Engineering, Harbin Institute of
Technology at Weihai, China
Wang, Zigi (wzq85274196@outlook.com), School of Ocean Engineering, Harbin Institute of
Technology at Weihai, China
Liu, Yuhang (asd25802026@163.com), School of Ocean Engineering, Harbin Institute of Technology
at Weihai, China
Qian, Hongliang (qgianhl@hit.edu.cn), School of Ocean Engineering, Harbin Institute of Technology at
Weihai, China
Fan, Feng (fanf@hit.edu.cn), School of Civil Engineering, Harbin Institute of Technology, China
Niu, Shuang (nius@hit.edu.cn), School of Ocean Engineering, Harbin Institute of Technology at
Weihai, China

Carbon fiber reinforced silicon carbide composites are ideal candidates for aerospace components serving
in high-temperature environments due to the excellent thermomechanical properties. Prediction of the
complex nonlinear failure behavior of the C/SiC composites typically requires multiscale analysis, for
which the accurate modelling at the microscale level lays the foundation for meso- and macroscale
prediction of material behavior. Theoretical models at the microscale, for example the Bridging model
and Chamis model, necessitate simplified assumptions which limit their predictive capacity. While
representative volume element (RVE) models are better suited for refined microscale modelling of yarn
behavior, they typically lack direct experimental validation. On the other hand, experimental results
from mesoscale woven composites can hardly be used to validate the micro-RVE accuracy due to the
effect of fabric architecture. Mini-composite specimens enable direct experimental characterization of
microscale mechanical behaviors. A series of tensile tests on C/SiC mini-composites were conducted
in the current research. Utilizing data obtained from X-ray computed tomography (X-CT), micro-
RVEs were developed with porosity and fiber volume fraction accurately reflected. The simulation
results showed reasonable agreement with the mini-composite test results, verifying the rationality of
the progressive damage constitutive behavior adopted in the micro-RVE models. Furthermore, energy
dissipation mechanisms, including interface debonding and fiber pull-out, were observed via scanning
electron microscopy (SEM) fractography. These observed features reveal the microscale toughening
mechanisms and provide a basis for understanding the nonlinear mechanical behavior of the composite.
The experimental validation ensures the accuracy of microscale behavior inputs, improving the reliability
of the subsequent multiscale analyses.
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Optimization techniques and methods

Neural Network-based Strength Constraint Implementation for Composite
Optimization in the Lamination Parameter Design Space

Karnath, Justus (justus.karnath@tuhh.de), Hamburg University of Technology, Germany
Kriegesmann, Benedikt (), Hamburg University of Technology, Germany

Using lamination parameters for the optimization of composite structures provides various advantages
compared to the optimization considering layer angles, such as the convexity of the problem and the in-
dependence of the number of layers. However, it is difficult to consider the strength of a laminate in the
lamination parameter space. Accurate estimation of reserve factors in composite laminate design is es-
sential for ensuring structural safety while avoiding excessive conservatism. The current state-of-the-art
analytical lower bound of strength in the lamination parameter space given by |jsselmuiden et al. (AIAA
Journal, 2008), provides valid but overly conservative estimates that are not attained for laminates with
a bounded number of layers. This stems from the ambiguity inherent in the back transformation from
lamination parameters to stacking sequences, which complicates direct calculation of the reserve factor
based on classical failure criteria such as Tsai-Wu. Specifically, for bending-dominated problems where
the stacking order has a significant influence, the current state of the art is overly conservative. In this
work, we introduce a novel approach to derive a less conservative yet realizable lower bound on the
reserve factor for laminates parameterized by lamination parameters. Our approach employs a neural
network trained on attained reserve factors computed from stacking sequences with a bounded number
of layers and can be applied to different degrees of conservatism. This data-driven model effectively
learns attainable reserve factors, bridging the gap between theoretical analytical bounds and practical
laminate realizations. The reserve factor is evaluated via the Tsai-Wu failure criterion, ensuring com-
patibility with standard composite failure assessments. We implement the neural network—based bound
as a constraint within a composite structural optimization workflow, enabling direct integration into
automated laminate design processes. Numerical examples demonstrate that this approach significantly
tightens reserve factor predictions compared to existing analytical bounds, reducing unnecessary safety
margins without compromising structural integrity.

Optimization and enhancement of nano/ultrafine grained structure in
cryo-rolled FeMnCoCr HEA through machine learning

Adab, Suzzan (suzzanadab@ncut.edu.tw), National Chin-Yi University of Technology (NCUT),
Taiwan
Saboktakin Rizi, Mohsen (), Karadeniz Technical University, Turkey
Ebrahimian, Marzieh (), Kongju National University, Korea

Among various plastic deformation approaches, cryogenic rolling process has been widely recognized as
a highly successful technique, particularly for producing nano/ultrafine-grained structures, which can
consequently lead to production of HEAs with a great balance among their strength and ductility. In
this study, the formation of ultrafine-grained structures in FeMnCoCr HEAs is investigated. The studied
alloys were processed through cryo-rolling process which is followed by annealing process to promote
significant microstructural refinement. Meanwhile, different characterization techniques such as XRD,
EBSD and TEM, were performed to evaluate the microstructural refinement. Due to the complicated
nature of this process as well as the presence of various parameters, performing time-consuming ex-
perimental tests will not be an efficient method of optimization. In this context, machine learning can
provide a powerful framework for accelerating the optimization of microstructure, thereby enhancing the
ultimate performance of cryo-rolled HEAs. In fact, appropriate microstructure modification can provide
an in-depth insight into designing and customizing next-generation of HEAs for advanced structural
applications, in cases where a balance among strength and ductility is needed. The findings can confirm
the important role of thermomechanical processing to design next generation of HEAs with significant
performance.
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Optimization-Based Regularization of Voronoi-Based Lattice Structures for
Improved Mechanical Performance

Zhou, Yichen (zhou _yichen98@163.com), Harbin Institute of Technology, China
He, Xiaodong (hexd®@hit.edu.cn), Harbin Institute of Technology, China
Wang, Chao (chaowang®hit.edu.cn), Harbin Institute of Technology, China

The inherent structural randomness of Voronoi-based lattice structures often leads to geometric ir-
regularities, resulting in performance dispersion and localized failure, which limits their applications
in reliability-sensitive engineering scenarios. To address this issue, this work proposes an optimization-
oriented regularization framework that enables effective geometric control for both uniform and gradient
Voronoi lattice structures. First, a data-driven analysis is conducted to identify the relationship between
cell geometric features and mechanical performance. The results reveal that the minimum solid angle
and the variance of edge lengths are the dominant geometric descriptors governing the mechanical be-
havior of Voronoi cells. Based on these findings, a Cell Regularization Method (CRM) is developed to
optimize uniform Voronoi lattice structures by adjusting the positions of Voronoi seeds, thereby reduc-
ing geometric irregularities and improving structural uniformity and mechanical reliability. Furthermore,
an Adaptive Gradient Cell Regularization Method (AGCRM) is proposed to extend the optimization
framework to gradient lattice designs. By performing Voronoi tessellation in a higher-dimensional space
followed by projection into three-dimensional space, AGCRM enables controlled spatial variation of cell
sizes and improves performance distribution. Numerical results demonstrate that the proposed frame-
work provides an effective and scalable optimization strategy for regulating randomness in Voronoi-based
lattice structures.

Towards an optimization method for sustainable autoclave processing of
composite materials

Zavatta, Nicola (nicola.zavatta2@unibo.it), University of Bologna, Italy
Gallo, Ivan (ivan.gallo@unibo.it), University of Bologna, Italy
Ballestra, Luca Vincenzo (luca.ballestra@unibo.it), University of Bologna, Italy
Zama, Fabiana (fabiana.zama@unibo.it), University of Bologna, Italy
Fantuzzi, Nicholas (nicholas.fantuzzi@unibo.it), Universita di Bologna, italy

Fibre-reinforced composite materials are in widespread use due to their unique combination of me-
chanical properties, light weight and design flexibility. From a sustainability point of view, however,
they pose significant challenges. In fact, not only are repairing and recycling of composites complex
tasks, but also their manufacturing is a very energy-intensive process, which leads to substantial envi-
ronmental concerns and costs. In particular, autoclave processing is especially critical due to its high
specific energy consumption. In this work, we propose a method for optimizing the curing cycle of
a composite part. The method aims to compute the optimal temperature profile which needs to be
applied in the autoclave, while minimizing the energy consumption, which is regarded as an indicator of
the environmental impact of the manufacturing process. The curing process is modelled as a thermo-
chemical phenomenon by coupling the temperature evolution of the composite part and its degree of
cure. Heating is assumed to occur primarily by forced convection inside the autoclave, while also taking
into account the heat generation due to exothermic polymerization reactions during resin curing. For
simplicity, the temperature distribution inside the part is assumed to be homogeneous, which is rea-
sonable for thin laminates. The cure kinetics of the resin is modelled using Kamal's law, with reaction
rate constants of Arrhenius type. Curing optimization is formulated as a fixed-time optimal control
problem, with the part temperature and degree of cure regarded as state variables and the applied
temperature profile as a control variable. We define an objective functional consisting of a linear term,
which represents energy consumption, plus a quadratic regularization term. The bounds on the applied
temperature and temperature rate, as well as the required degree of cure at the final time, are enforced
as constraints on the state and control variables. Two approaches are considered for the solution of
the optimization problem: one based on direct discretization of the control variable, the other based
on the dynamic programming principle. In the first approach, the control variable is approximated by
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a linear combination of basis functions, transforming the original functional minimization into a finite-
dimensional constrained optimization problem. This is solved numerically by an iterative algorithm; the
state dynamics are computed at each step using a Runge-Kutta method. In the second approach, the
optimal temperature profile is computed as a feedback control by means of the dynamic programming
principle. By defining the minimum objective functional as a value function and solving the corre-
sponding Hamilton-Jacobi-Bellman (HJB) equation, we derive the optimal state variables and hence
the optimal feedback control. In particular, the HJB equation is solved using a Semi-Lagrangian ap-
proximation scheme. For both approaches, we simulate the curing cycle corresponding to the computed
optimal temperature profile and evaluate the final cure state of the part and the energy consumption.
By comparing the results with those of a reference temperature profile, we establish the effectiveness
of the proposed method in reducing the energetic impact of the autoclave process. Acknowledgements
This publication was made with funding from the Ministry of University and Research (MUR) under
the FIS 2 Grant, Project TOSSTO, no. FIS-2023-01465, CUP: J53C25000610001.
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Probabilistic models for composites

Adaptive entropy-weighted ensemble surrogate framework for reliability
analysis of composite structures

Meng, Debiao (dbmengQ@uestc.edu.cn), University of Electronic Science and Technology of China,
China
Montalti, Fabio (fabio.montalti2@studio.unibo.it), University of Bologna, Italy
Yang, Shiyuan (up202311575@edu.fe.up.pt), University of Porto, Portugal
Fantuzzi, Nicholas (nicholas.fantuzzi@unibo.it), University of Bologna, Italy
Zhu, Shun-Peng (zspeng2007Q@uestc.edu.cn), University of Electronic Science and Technology of
China, China

Composite structures in aerospace and marine applications exhibit significant variability in material
properties, layup configuration, geometry, and loading, which makes probabilistic design and reliability
assessment highly demanding when direct finite element analysis is embedded in Monte Carlo simulation.
This contribution presents an adaptive reliability framework for composite structures that combines an
entropy-weighted ensemble of surrogate models with a local Markov chain Monte Carlo learning strategy.
Kriging and artificial neural network surrogates are first constructed from an initial design of experiments
and then combined using weights that account for local prediction error, global accuracy and entropy-
based measures of output dispersion. A modified Metropolis-Hastings algorithm with delayed rejection
is used to generate candidate samples in the vicinity of the limit state surface, so that new training points
are added only where they most improve the reliability estimate. The proposed method is benchmarked
on classical engineering examples and then applied to two finite-element-based composite structures:
a carbon-epoxy laminated plate subjected to combined in-plane compression and transverse pressure,
and a C/SiC composite bolted joint under tensile loading. In these applications, the framework delivers
reliability indices in close agreement with direct Monte Carlo simulations while reducing the number of
limit state evaluations from 106 to 107 to fewer than 50 calls to the high-fidelity models. These results
demonstrate that the adaptive entropy-weighted ensemble surrogate strategy provides an accurate and
computationally efficient tool for probabilistic analysis and reliability-based design of complex composite
structures.
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Smart composites and structures

Application of Shape Memory Polymer in Low-Viscosity,
High-Thermal-Conductivity Underfill Material

Lee, Mingeun (mg.lee@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced Institute
of Science and Technology, South Korea
Safraz, Muhammad Salman (msalmansarfraz@kaist.ac.kr), Department of Mechanical Engineering,
Korea Advanced Institute of Science and Technology, South Korea
Lee, Haeun (haeunlee@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced Institute
of Science and Technology, South Korea
Kim, Samuel (samu0309@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced
Institute of Science and Technology, South Korea
Cho, Donghyeon (pianowith99@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced
Institute of Science and Technology, South Korea
Jo, Jaeyoung (jy1151102@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced
Institute of Science and Technology, South Korea
Park, Jongin (jonginpark@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced
Institute of Science and Technology, South Korea
Lee, Seondo (Isch852@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced Institute
of Science and Technology, South Korea
Kim, Seong Su (seongsukim@kaist.ac.kr), Department of Mechanical Engineering, Korea Advanced
Institute of Science and Technology, South Korea

The advancement of high-speed computing technologies, such as artificial intelligence and autonomous
driving, has necessitated high-performance interconnection and chip stacking technologies, resulting
in a rapid increase in the degree of chip integration. However, as chips become highly integrated,
increases in current densities and tighter structural constraints have posed a challenge in heat dissipation
design, necessitating the development of high-thermally conductive packaging materials. Underfill, a key
packaging material, mechanically and chemically protects electrical joints and dissipates heat generated
during chip operation. Conventional underfills are reinforced with ceramic particles to achieve high
thermal conductivity, electrical insulation, and a low coefficient of thermal expansion (CTE). However,
increasing the content of reinforcing particles leads to a rapid increase in the viscosity of underfill,
which can result in problems such as longer gap-filling times and increased void formation, consequently
lowering production yields. Therefore, the primary research challenge is to resolve the trade-off between
the enhanced material properties and the low viscosity required for manufacturing processability. In
this study, we address this trade-off by incorporating thermally conductive shape memory polymer
composite (SMPC) particles as functional fillers. In underfill materials, which are primarily based on
thermoset resin composites, the shape and content of reinforcing particles are key factors in determining
the viscosity of a suspension and thermal conductivity. A more spherical shape helps maintain low
viscosity, while a high-aspect-ratio shape increases thermal conductivity. During the dispensing process,
SMPC particles can maintain a spherical shape to improve flowability. As the curing process begins,
heat induces their transformation into a permanent high-aspect-ratio shape, thereby enhancing particle
connectivity and forming thermally conductive pathways. To fabricate the shape memory polymer
precursor polycaprolactone-based polymer, which has photo-curable functional groups at both ends, was
synthesized as previously reported. Microsphere particles were produced via an emulsion process using
a high-speed mixer (L5M-A, Silverson, USA). A thin-film stretching-based shape programming method
was applied to control their permanent and temporary shapes using a universal testing machine (Instron
5969, Instron, USA) equipped with a temperature chamber and a UV spot curing machine (Inno-
Cure 5000, Lichtzen, Korea). To shorten UV curing time, diphenyl(2,4,6-trimethylbenzoyl) phosphine
oxide (TPO, Sigma-Aldrich, Germany) is added as a photo initiator. The polymer particles were
mechanically coated with hexagonal boron nitride (DT-BN-MO05, Ditto Technology Co., Ltd., Korea).
Hexagonal boron nitride (h-BN), a ceramic with electrically insulating properties and exceptionally
high thermal conductivity along the in-plane direction (751 W/m-K), was used as a filler material
to increase the thermal conductivity of the particles by forming a heat conduction path along h-BN
particles on the outer surface. The structural characteristics of the fabricated SMPC particles were
analyzed using a scanning electron microscope (SEM), and it was confirmed that the h-BN coated SMPC

149

abst. 1105
CIMA
Thursday
June 25
15h10



abst. 1150
CIMA
Thursday
June 25
15h30

particles formed a stable core-shell structure. To formulate the underfill composite, the fabricated SMPC
particles were incorporated into a mixture of epoxy resin and curing agent. Viscosity was measured
using a rotational rheometer (MCR102e, Anton Paar, Austria), and a hot disk thermal conductivity
measurement system (TPS 3500, Hot Disk, Sweden) was used to measure thermal conductivity. The
viscosity and thermal conductivity of the underfill changed according to the shape recovery of the SMPC
particles. Consequently, this approach demonstrates the potential to overcome the trade-off between
viscosity and thermal conductivity in advanced underfill material.

Development and optimization of fbg smart sensors for composite structures

Casciaro, Emanuele (emanuele.casciaro@polimi.it), Politecnico di Milano, Italy
Spini, Francesca (francesca.spini@polimi.it), Politecnico di Milano, Italy
Bettini, Paolo (paolo.bettini@polimi.it), Politecnico di Milano, Italy

Smart structures represent a fundamental advancement in composite structures, particularly sensorized
systems developed for aeronautical applications aimed at implementing Health and Usage Monitoring
Systems (HUMS). Among the various sensing technologies considered for these structures, optical
fibers have emerged as a highly promising solution. Their main advantages include low invasiveness,
reduced weight and immunity to electromagnetic interference. The possibility of placing sensors that
enable local measurements at any point within a structure, including through its thickness, and with
a desired orientation would represent a significant advantage for monitoring strategies. Such solutions
are currently under investigation and development. In this work, the integration of Fiber Bragg Grating
(FBG) sensors into composite materials is considered. This solution, however, presents several challenges
related both to sensor positioning along complex geometric paths and to the risk of optical fiber
damage or fracture during manufacturing. Indeed, embedding of optical fibers often results in handling
difficulties, misalignment and fiber breakage during lay-up and curing operations. To overcome these
limitations, a pre-assembled smart sensing solution, called quick-pack, was developed. The smart sensor
consists of multiple thin layers, including neat epoxy resin layers and epoxy resin reinforced with glass
fiber fabric, within which the optical fiber is embedded prior to integration into the composite structure.
This configuration enhances sensor robustness and handling while facilitating accurate positioning of
FBG sensors along predefined paths, thus improving measurement repeatability and reliability. However,
the effectiveness of the quick-pack embedment is influenced by the processing conditions adopted
during the production, requiring a dedicated investigation of the integration strategy. In particular,
the effect of partial epoxy resin crosslinking on the adhesion and peeling behaviour of the quick-pack
within the composite laminate was examined. Experimental results demonstrate that improved peeling
performance is obtained when partially crosslinked quick-pack sensors are employed rather than fully
cured ones. When a partially cured quick-pack sensor is embedded into the composite laminate, resin
crosslinking continues during the curing cycle of the composite, resulting in a co-curing mechanism
that promotes improved interfacial bonding. Moreover, the degree of epoxy resin crosslinking must
be carefully controlled. Indeed, low degree of crosslinking can cause optical fiber displacement from
the predefined path, compromising sensor positioning and measurement accuracy. To support the
identification of an optimal curing conditions, a detailed study of the epoxy resin curing kinetics was
performed through Differential Scanning Calorimetry (DSC). Both model-based and model-free kinetic
approaches, such as Kamal-Sourour and nth order, were used to monitor the evolution of crosslinking and
study the degree of cure as a function of time and temperature. In addition, gel point identification was
performed to exclude curing degrees characterized by insufficient polymer network formation, which
could result in optical fiber displacement from the intended geometric path. The optimal degree
of crosslinking can be therefore determined by combining peeling tests with thermal and rheological
analyses, enabling a correlation between interfacial mechanical performance and resin curing behaviour.
Finally, quick-pack sensors with embedded FBG sensors cured at different degrees of crosslinking were
tested under ambient temperature storage conditions (25°C) and at 125 °C. The aim of these tests
was the determination of the influence of ambient storage during the embedding process, as well as
the evolution of resin crosslinking and viscoelastic behaviour at temperatures representative of typical
composite manufacturing cycles.
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Evaluation of Carbon Capture Characteristics of Mortar with abst. 1254
Rhodopseudomonas palustris Repository

Hwang, Ji-Won (hwang122333@naver.com), kyonggi university, South Korea
Yang, Keun-Hyeok (yangkh@kgu.ac.kr), kyonggi university, South Korea
Lee, Geun-Ho (nslgh@naver.com), kyonggi university, South Korea
Lee, Gyu-Chan (greenboy0302@naver.com), kyonggi university, South Korea
Lim, So-Min (e602468@nate.com), kyonggi university, South Korea
Kim, Jae-Chang (wockd369@nate.com), kyonggi university, South Korea

This study developed a mortar mixed with photosynthetic bacteria for carbon capture capabilities to
continuously absorb atmospheric carbon. The bacteria mixed mortar demonstrated up to twice the
carbon capture performance of conventional mortar, driven by the Calvin cycle mechanism. Additionally,
the bacterial growth sustainability within the mortar was evaluated.

Numerical prediction and experimental analysis of the buckling loads of  abst. 1315
smpc cylindrical shells Repository

Zhao, Hanxing (zhaohxhit@126.com), Harbin Institute of Technology, China

At present, the applications of shape memory polymers (SMPs) and shape memory polymer composites
(SMPCs) in the aerospace field mainly include space deployable hinges, trusses and antennas. Most of
these structures are SMPC plates; SMPC cylindrical shells, which are excellent load-bearing structures,
have not been widely used. The reason for their lack of use is that the structure and external load
conditions of the SMPC cylindrical shells are relatively more complex than those of the SMPC plates,
which makes it difficult to analyze the load-bearing capacity (the buckling load). In addition, as a
temperature-sensitive material, the mechanical properties of SMPCs will change dramatically with tem-
perature, so the buckling behaviors of SMPC cylindrical shells are quite different from those of general
fiber reinforced polymer composite cylindrical shells. It is found that the theoretical buckling loads of
cylindrical shells are always quite different from the experimental results due to the geometric, loading
and material imperfections. The practical buckling loads of cylindrical shells are always much lower than
the theoretical values. The load-bearing capacities are insufficient if the cylindrical shells are designed
according to the theoretical calculation results, which leads to premature destruction of the structures.
Therefore, the concept of the knock-down factor (KDF) is proposed to quantify such errors, which is
the ratio of the maximum axial load-bearing capacity of a cylindrical shell in practical applications to
its theoretical critical buckling load. There has been much research on the imperfection sensitivities of
cylindrical shell structures, while only a few of them are related to FRPC cylindrical shells (they mainly
focus on isotropic materials, such as steel). To the best of our knowledge, few studies have been con-
ducted on the geometric imperfection sensitivity of SMPC cylindrical shells under axial compression. In
this study, the influence of temperature on the buckling behavior of SMPC cylindrical shells is studied in
a novel way. The temperature is divided into a low-temperature region and a high-temperature region.
The compressive failure mode of SMPC cylindrical shells in the low-temperature region is dominated by
brittle fracture, while that in the high-temperature region is dominated by buckling. The numerical and
experimental methods are combined to study the buckling behaviors of SMPC cylindrical shells. The
single perturbation displacement imperfection (SPDI), multiple perturbation displacement imperfection
(MPDI) and linear buckling mode imperfection (LBMI) techniques are introduced in this study to verify
the geometric imperfection sensitivities of SMPC cylindrical shells at different temperatures and obtain
the corresponding buckling loads, KDFs and post-buckling patterns. In this section, these numerical
methods are investigated. To ensure the quality of the specimens, carbon fiber-reinforced SMPC prepreg
tapes were used as raw materials instead of carbon fiber and liquid shape memory epoxy resin. The
technology of two-step automated tape laying was applied to manufacture the prepreg tapes. The resin
was shape memory epoxy resin with a glass transition temperature of prepared by Leng's group, and
the fiber was Toray T300s 12K carbon fiber (Toray Industries Inc., Tokyo, Japan). The specimens
were prepared by the hand lay-up process assisted by the autoclave. The fiber stacking configuration
of all the specimens is the same as that of the above numerical analyses.The load-bearing capacities
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at different temperatures are tested and compared with the numerical results. The results demonstrate
that the buckling loads of the SMPC cylindrical shell obtained by numerical techniques are sensitive
to temperature, while the KDFs are insensitive to temperature. Meanwhile, the experimental results
indicate that brittle fracture is the main failure mode instead of buckling at low temperature, so there
is a risk when using any numerical technique to design SMPC cylindrical shells in low-temperature
region. At high temperatures, the SPDI method overestimates the KDFs, while the KDFs calculated by
the MPDI and LBMI techniques are in good agreement with the experimental results. However, only
the LBMI method can distinguish the influence of temperature on the post-buckling patterns, and the
corresponding post-buckling pattern is more consistent with the experiment.
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June 25 Li, Fengfeng (lifengfeng@hit.edu.cn), Harbin Institute of Technology, China
15h50 Wang, Yinhang (jwwangye@163.com), Harbin Institute of Technology, China

Liu, Liwu (liuliwu_ 006@163.com), Harbin Institute of Technology, China

Hinges play a critical role in deployable structures by providing controlled rotational movement between
two connected components. Shape memory polymer composites combine the shape-memory effect with
excellent strength-to-weight ratio of composites, offering an ideal material for smart deployment applica-
tions. This study investigates the design, fabrication, and application of a novel deployable hinge with an
L-shaped initial configuration. A parametric design framework is proposed, enabling the systematic tun-
ing of hinge geometry, composite layup, and shape memory programming to achieve desired deployment
performance. The driving torque of hinge is predicted by deformation energy analysis. And finite element
simulations are employed to study the thermo, 001 E,,, echanicalbehaviorandshapememorycharacteristicsofthehinge. Ex
scalethickplatedeploymentsystems, particularlyinspacemechanismsthatrequiretheintegrateddesigno f hingeandpan
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Gnaba, Imen (imen.gnabaC@utc.fr), ,

During the processing of organic matrix composites, the fibrous reinforcement experiences complex
in-plane and out-of-plane deformations that can induce various types of defects such as wrinkling, fiber
misalignment, or sliding ultimately compromising the mechanical performance of the final composite
structure. It is therefore crucial to develop tools capable of accurately monitoring the deformability of dry
preforms. In this study, flexible and ductile piezopolymer transducers were embedded directly within
dry glass-fiber preforms to enable in-situ, real-time monitoring of reinforcement deformation mecha-
nisms and to identify the onset and evolution of defects generated during pull-out tests. Beyond defect
detection, this sensing strategy also offers valuable insight into the reproducibility of the manufactur-
ing process, allowing quantitative comparison of deformation patterns and defect-generation pathways
across repeated experiments. The proposed methodology demonstrates both originality and relevance,
providing high-resolution, time-resolved data that elucidate the mechanisms of defect formation during
composite processing.
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Smart healable cotton nanocomposites for next-generation wearable strain
and temperature sensors

Diaz-Mena, Victor (victor.diaz@urjc.es), Universidad Rey Juan Carlos, Spain
Fernandez Sanchez-Romate, Xoan Xosé (xoan.fernandez.sanchezromate@urjc.es), Universidad Rey
Juan Carlos, Spain
Sanchez, Maria (maria.sanchezQurjc.es), Universidad Rey Juan Carlos, Spain
Ceseracciu, Luca (luca.ceseracciu@iit.it), Istituto Italiano di Tecnologia, Italy
Athanassiou, Athanassia (athanassia.athanassiou@iit.it), Istituto Italiano di Tecnologia, Italy
Cataldi, Pietro (pietro.cataldi@unimercatorum.it), Istituto Italiano di Tecnologia, Italy
Urefia, Alejandro (alejandro.urena@urjc.es), Universidad Redy Juan Carlos, Spain

Smart textiles represent a key pathway for the widespread adoption of wearable multifunctional elec-
tronics, requiring materials that are not only flexible and functional, but also scalable, robust, and
washable. Here, we introduce an industry-compatible method for producing conductive, hydropho-
bic, and healable cotton fabrics using thermoplastic polyurethane (TPU) matrices doped with carbon
nanotubes (CNTs). Through a simple two-step extrusion and hot-pressing process, cotton fibers are
impregnated with TPU-CNT nanocomposites, achieving conductivities up to 40 S/m, high sensitivity
to both strain and temperature (gauge factor 3 for < 5%; R/R-T 0.001 across 10-80 °C), and
water contact angles above 100°. The resulting multifunctional fabrics exhibit outstanding durability
under mechanical, thermal, and laundering stresses, retaining electrical performance over 20 washing cy-
cles and enabling post-damage recovery through hot pressing. These engineered cotton textiles provide
high-fidelity motion and temperature sensing, positioning them as strong candidates for next-generation
wearable technologies that are scalable, reliable, resilient, and well-suited for real-world applications.
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Special Session: Composite Pressure Vessels Design and Manufacturing
(chaired by P.M. Weaver, S. Daghighi)

Failure Pressure Tailoring in Conformable Composite Pressure Vessels

Daghighi, Shahrzad (shahrzad.daghighi@uwe.ac.uk), University of the West of England, UWE Bristol,
United Kingdom

Pressure vessels are widely used in the transportation industry for fuel storage. Structural weight
reduction in pressure vessels, along with the efficient use of available space, are two attractive design
features. In this context, composite materials offer a great opportunity to enhance design and achieve
these goals by tailoring the stiffness of pressure vessels by varying the fibre tow trajectory across the
structure. This technique, known as Variable Angle Tow (VAT), has previously been used to improve
the design of pressure vessels. Failure is an important factor in the design of pressure vessels, and its
accurate prediction is essential to ensure structural safety. In this study, an analytical expression for
failure performance in a family of conformable pressure vessels is developed. The developed expression is
fully analytical and removes the need for using computationally expensive numerical analysis. Therefore,
it is possible to control the failure performance of the composite pressure vessel at the design stage. The
developed expression for failure pressure is then used to tailor failure pressure performance across the
structure, ensuring that a conformable pressure vessel exhibits consistent failure performance throughout
its geometry. This could be especially interesting in applications where a pressure vessel is integrated
into a larger system, and failure must be directed to a specific location or follow a controlled pattern.

A Manufacturing-Consistent Multiscale Framework for the Design of
Nanomodified Composite Pressure Vessels

Bouhala, Lyazid (lyazid.bouhala@list.lu), Luxembourg Institute of Science and Technology,
Luxembourg

Laachachi, Abdelghani (abdelghani.laachachi@Iist.lu), Luxembourg Institute of Science and
Technology,

Klein, Sebastien (sebastien.klein@list.lu), Luxembourg Institute of Science and Technology,

This work presents an optimisation framework for Type IV composite overwrapped pressure vessels
(COPVs) for high-pressure hydrogen storage, integrating multiscale modelling, experimental character-
isation, and manufacturing-consistent design. Three carbon fibre reinforced polymer (CFRP) systems
were investigated: a reference neat-epoxy composite, a nanosilica-modified epoxy composite, and a
graphene nanoplatelet (GNP)-modified epoxy composite. Manufacturing studies confirmed that both
nanofillers can be incorporated into the epoxy matrix without detrimental agglomeration or excessive
void formation. Mechanical testing showed improved stiffness, flexural response, and damage tolerance
for the modified systems compared to the reference composite. These improvements directly address
matrix-dominated damage mechanisms governing Type IV COPV performance. A multiscale modelling
strategy combining micromechanical homogenisation, finite-element lamina modelling, and laminate-
level simulations with realistic filament-winding architectures was developed to transfer material-scale
enhancements to the structural level. Numerical results indicate delayed damage initiation and improved
burst pressure predictions for the nanosilica- and GNP-modified systems, with the GNP-reinforced com-
posite showing the highest performance gains. The results demonstrate that nanofiller-modified CFRPs
offer a viable and scalable solution for improving safety margins and reducing material usage in hydrogen
storage vessels. The proposed CADWIND-ABAQUS-based methodology provides a transferable design
framework for composite structures operating under severe loading conditions.

Multi-Objective Layout Optimization for Robotic Filament Winding
Systems Using a Refined NSGA-II Algorithm

Zhu, Yigiu (zyqkylin@hotmail.com), Hefei University of Technology, China
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Fu, Jianhui (hf@hfut.edu.cn), Hefei University of Technology, China
Zhang, Qian (zq_ hfut@126.com), Hefei University of Technology, China
Zhang, Guiming (Zhangguiming@163.com), Hefei University of Technology, China
Zhou, Lichuan (zhoulc@hfut.edu.cn), Hefei University of Technology, China
Zu, Lei (zulei@hfut.edu.cn), Hefei University of Technology, China

As a key enabling technology in composite manufacturing, robotic filament winding systems offer high
adaptability and flexibility, demonstrating significant application potential in the production of advanced
composite structures. The spatial layout between the robot and the mandrel plays a critical role in de-
termining system performance. However, existing optimization approaches lack efficient and systematic
algorithms to achieve a coordinated balance between manipulability and operational efficiency. These
methods often fail to simultaneously ensure solution accuracy and computational efficiency, thereby
limiting their practical applicability. To address this issue, this paper proposes a comprehensive two-
phase optimization framework, consisting of a multi-objective optimization model based on an improved
NSGA-II algorithm and an optimal solution selection model based on a weighting function. The pro-
posed framework aims to simultaneously enhance both manipulability and efficiency in robotic filament
winding systems. In the first phase, the layout optimization problem is formulated as a multi-objective
optimization problem, with the objectives of minimizing cycle time and maximizing motion flexibility,
while incorporating reachable workspace constraints. An improved NSGA-II algorithm is developed
by introducing an adaptive elitist strategy and an enhanced crowding distance mechanism based on
neighboring individuals, effectively balancing convergence speed and solution quality. Binary encoding
is adopted to represent layout configurations, and efficient exploration of the solution space is achieved
through tournament selection and adaptive crossover and mutation operators, with a dynamically ad-
justed elitism ratio to ensure convergence. In the second phase, an optimal layout configuration is
selected from the obtained Pareto front using a weighting function model, providing an effective solu-
tion to the trade-off between time efficiency and motion flexibility. Experimental results demonstrate
the effectiveness of the proposed method. Compared with the conventional NSGA-II algorithm, the
improved algorithm reduces cycle time by approximately 2.8-3.0 seconds and increases the manipulabil-
ity index by 0.10-0.15, while also exhibiting improved convergence stability. Under the optimal layout
configuration, the robot joint trajectories are smooth and continuous without encountering singular
configurations, all joint angles remain within their physical limits, and kinematic simulations indicate
coordinated and stable motion between the robot and the external rotational axis. The proposed layout
optimization method provides a robust theoretical foundation for the design of robotic filament winding
systems. It effectively resolves the trade-offs among efficiency, flexibility, and workspace constraints,
and offers a systematic solution for automated system design.
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Special Session: Nonlocal and Peridynamic Modeling of Composites (chaired
by M. Dorduncu, E. Oterkus)

Base Excited Axially Functionally Graded Timoshenko-Ehrenfest
Nanobeams with Axial Loading

Arda, Mustafa (mustafaarda@trakya.edu.tr), Trakya University, Turkey

Axially functionally graded nano materials are one of the most promising structures for engineering
applications. Material grading throughout length affects the dynamics of the nanobeam. Base excited
cantilever nanobeam with axial loading on the free end will be considered in the present study. Besides
material properties, also Poisson’s ratio of the nanobeam will be considered in the functionally grading
form. Nanobeam will be modeled with using Timoshenko-Ehrenfest beam model and Nonlocal Elasticity
theory. Ritz method will be used in the solution of weak energy formulation. Effect of the base
excitation, axial loading, Poisson’s ratio and material grading to the dynamics of nanobeam will be
investigated. Present study can contribute to design and manufacture of nano structural elements.

Peridynamic Differential Operator for Reconstruction of Displacement
Fields in Composite Structures

Dorduncu, Mehmet (mehmetdorduncu@iyte.edu.tr), Izmir Institute of Technology, Turkey
Camuz, Hasan Huseyin (hasanhuseyincamuz@gmail.com), Baykar Technologies, Turkey
Madenci, Erdogan (madenci@email.arizona.edu), University of Arizona, USA

Accurate reconstruction of full-field displacement and strain from limited sensor data remains a major
challenge in the structural health monitoring of composite structures. In practical applications, sensor
layouts are often sparse and irregular due to weight, cost, accessibility, and operational limitations. As
a result, measured data provide only partial information about the structural response, which restricts
reliable assessment of the global deformation state. These difficulties are more critical in compos-
ite structures, where anisotropy, coupling effects, and spatially varying deformation patterns require
robust and physically consistent reconstruction procedures. This study presents a nonlocal inverse re-
construction framework based on the Peridynamic Differential Operator (PDDO) for the simultaneous
recovery of displacement and strain fields from sparse strain measurements in composite structures.
The proposed approach first populates discrete sensor data into continuous spatial fields using nonlo-
cal smoothing, which reduces the influence of noise and irregular sensor distributions. Subsequently, a
PDDO-consistent weighted least-squares integration procedure is employed to reconstruct displacement
fields directly from strain data by enforcing kinematic compatibility through nonlocal integral operators.
Unlike element-based inverse approaches, the formulation is meshfree, horizon-based, and independent
of predefined shape functions or mesh topology. In contrast to sequential methods in which strain and
displacement are recovered in separate stages, the proposed framework provides both fields within a
unified nonlocal setting. The formulation is purely kinematic and does not require assumptions re-
garding constitutive behavior or external loading, which enhances its flexibility for inverse analysis of
composite structural components. Owing to its nonlocal character, the method is expected to offer
improved robustness under sparse sensing conditions and to provide an efficient basis for shape sensing
and structural state estimation in aerospace composite applications.
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Special Session: Recent Advancements in Morphing Composite Structures
(chaired by P.M. Weaver, A.P.M. Nair, A. Haldar)

Numerical Modeling of an Efficient Four Corner Simply Supported
Piezoelectric Energy Harvester

Bashir, Danish (danishbashir2602@gmail.com), Structural Engineering Division, Department of Civil
Engineering IIT Madras and Institute of Structural Analysis, Appelstrale 9A Leibniz Universitat
Hannover, India, Germany
Anilkumar, P. M. (a.nair@isd.uni-hannover.de), Institute of Structural Analysis, AppelstraBe 9A
Leibniz Universitdt Hannover, Germany
Scheffler, Sven (s.scheffler@isd.uni-hannover.de), Institute of Structural Analysis, Appelstrae 9A
Leibniz Universitat Hannover, Germany
Haldar, Ayan (ayan.civ@itbhu.ac.in), Department of Civil Engineering, Indian Institute of Technology
(BHU), Varanasi, India
Rao, B. N. (bnrao@iitm.ac.in), Structural Engineering Division, Department of Civil Engineering IIT
Madras, India
Rolfes, Raimund (r.rolfes@isd.uni-hannover.de), Institute of Structural Analysis, Appelstrae 9A
Leibniz Universitat Hannover, Germany

Bistable structures, such as cured shapes of unsymmetrical composite laminates, have been extensively
studied due to their wide-ranging applications in morphing and energy harvesting. These laminates ex-
hibit a double-well potential energy landscape, which can be either symmetric or asymmetric, depending
on various factors. When bistable composite laminates are employed for energy harvesting, piezoelectric
materials like Macro Fiber Composite (MFC) are to be bonded to their surface. The bonding of MFC
patches affects both the bistable behavior of the laminate and its static and dynamic characteristics
effecting the power harvesting capability. This study investigates the potential energy landscape and
power harvesting ability of a four-corner simply supported (FCSS) square bistable composite laminate
bonded with an MFC. The FCSS square bistable composite laminate inherently possess a symmetric
double-well potential energy landscape which gets distorted after the attachment of MFC patch. To
analyze this effect and to quantify the induced asymmetry in the static and dynamic characteristics,
a fully non-linear finite element (FE) model is proposed. The FE model is then used in connection
with electronic simulation software, to extract the open-circuit voltage and the power output from the
FCSS bistable harvester. The model is then further utilized to conduct parametric studies examining
the influence of varying the size and distribution of the MFC on the potential energy landscape, the
static and dynamic characteristics and the power harvesting ability of the FCSS bistable harvester.
From the parametric study, the best MFC configuration is selected for the energy harvesting analysis.
The findings of this study can be utilized for selecting the appropriate size and distribution of MFC for
optimum power harvesting from FCSS bistable harvesters.

Sequential actuation in tessellated smart multistable laminates using macro
fiber composite actuators

Manu, P. R. (ce23d028@smail.iitm.ac.in), Structural Engineering Division, Department of Civil
Engineering, Indian Institute of Technology Madras, India
Anilkumar, P. M. (a.nair@isd.uni-hannover.de), Institute of Structural Analysis, Faculty of Civil
Engineering and Geodetic Science, Leibniz University Hannover, Germany
Haldar, Ayan (ayan.civ@itbhu.ac.in), Department of Civil Engineering, Indian Institute of Technology
(BHU) Varanasi, India
Rao, B. N. (bnrao@iitm.ac.in), Structural Engineering Division, Department of Civil Engineering,
Indian Institute of Technology Madras, India

Adaptive structures capable of changing shape in response to varying requirements are in high demand

for a wide range of deployable structure applications. The cured shapes of unsymmetrical composite
laminates have significant application potential in this context due to their ability to exhibit two stable
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configurations at room temperature. By assembling these laminates in series and parallel within a
tessellated arrangement, multistable configurations can be achieved. A major design challenge lies
in developing an actuation strategy that can intelligently induce transitions between multiple stable
configurations while imposing minimal practical constraints. Triggering snap-through using mechanical
loads in such complex systems would require selective changes in loading locations and could lead
to weight penalties if performed using mechanical equipment. In this study, macro fiber composite
(MFC) actuators are employed to meet the shape-changing requirements. Several MFC configurations
are investigated in conjunction with tessellated laminate arrangements using finite element simulations.
The smart composite system discussed in this study can exhibit up to six stable configurations, with
multiple energy paths available to reach these configurations from a given stable state. A carefully
designed actuation strategy is developed by systematically analysing different actuation paths arising
from various sequences of MFC activation. The actuation path requiring the minimum voltage for
shape transformation between configurations is selected. The out-of-plane displacement, strain energy
requirements, and snap-through voltages associated with different stable states are examined. The
findings of this study provide valuable insights for the preliminary design of multistable composite
laminates with smart actuation strategies suitable for practical applications.

On tailoring morphing mechanics of a bistable composite tape-spring
structure

Wang, Bing (b.wang@fzu.edu.cn), Fuzhou University, China

A bistable composite tape-spring (CTS) structure is stable in both extended and coiled configurations,
which can be fully coiled or folded following the positive Gaussian curvature deformation mechanics. Its
bistable coiling feature has been employed in a Roll-Out Solar Array and successfully deployed in space;
its inherent foldable characteristics is analogous to a flexible mechanical hinge, showing great potential
for flexible hinge applications. Both the structural coiling and folding mechanics are dependent on tape
geometries, whilst the correlated morphing mechanics has not been fully revealed, which significantly
constrains its shape morphing designs and smart driving strategies in order to further reduce weight
and complexity for space deployable mechanisms. This talk will mainly cover our continuous research
on tailoring the morphing mechanics of the bistable CTS structure. The main findings include: (i) a
typical CTS folding process consists of linear bending, torsional buckling, localisation and then folding at
large displacements, the folded tape shape is dominated by axial shear strains and transverse curvature
changes; (ii) the morphing mechanics of a CTS is dependent on its internal stress level, which can
be tailored by applying fibre prestressing, where the prestressed fibres generate compressive stresses
to alter the internal stress, and thus controlling the structural bistability and deployable mechanics,
as well as improving its load-carrying capabilities; (iii) smart driving of a CTS can be achieved under
thermal energy, magnetic field, as well as composed with shape memory polymer through two layered
design, there is a minimum energy constraint to initiate the shape morphing process, and the critical
shape driving boundaries are dependent on scale effects; (iv) the bistable principle of the CTS can be
extended to produce bistable torsional structures, as well as multistable hinge structures with tailorable
stabilities. These findings enrich the diversities of functional structures to benefit novel requirements
for various deployable applications, and enable customised design, as well as smart driving for flexible
and multifunctional space explorations.

Design of Bi-stable Composite Laminated Domes for Lightweight Modular
Morphing Structures

Zucco, Giovanni (giovanni.zucco@ul.ie), University of Limerick, Ireland
Weaver, Paul M. (paul.weaver@ul.ie), University of Limerick, Ireland

A typical example of bistability can be observed in the metal lid of a tin can, which can be pressed
into a stable inverted configuration and subsequently returned to its original shape. Notably, restoring
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the lid to its upright state can be achieved either by applying a force near its base, exploiting a local
instability to induce a global shape change, or at its centre. Inspired by this behaviour, the present work
demonstrates that the underlying mechanism provides a simple yet robust route to achieving bistability,
enabling the design of lightweight, modular morphing structures that can be assembled and reconfigured
through geometric constraints and localised actuation [1]. The design space of the metallic dome is
further expanded by using composite laminates with unsymmetric layups [2]. Numerical results from
finite element analysis of the proposed composite laminated domes are presented, showing that their
equilibrium paths exhibit snap-through behaviour and two distinct stable equilibria corresponding to
minima in the strain-energy landscape. References: [1] Zucco G., Weaver PM., "Design of a Bi-stable
Dome for Lightweight Modular Structures," AIAA 2026-0843. AIAA SCITECH 2026 Forum. January
2026. [2] Lachenal, X., Daynes, S., and Weaver, P. M., “Review of morphing concepts and materials
for wind turbine blade applications,” Wind Energy, 2013, 16(1), 1-16.
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Chen, Yuanjian (), Fujian Provincial Key Laboratory of Terahertz Functional Devices and Intelligent
Sensing, School of Mechanical Engineering and Automation, Fuzhou University, Fuzhou 350108, P.R.,
China
Zhang, Xin (), Fujian Provincial Key Laboratory of Terahertz Functional Devices and Intelligent
Sensing, School of Mechanical Engineering and Automation, Fuzhou University, Fuzhou 350108, P.R.,
China
Wang, Bing (), Fujian Provincial Key Laboratory of Terahertz Functional Devices and Intelligent
Sensing, School of Mechanical Engineering and Automation, Fuzhou University, Fuzhou 350108, P.R.,
China

Bistable composite structures hold significant application value in fields such as aerospace, automotive,
wind turbine blades, and deployable space structures. Carbon fiber reinforced polymer (CFRP) compos-
ites have attracted considerable attention due to their high specific strength and specific stiffness. To
clarify the influence of the viscoelastic behavior of CFRP on the bistable characteristics and long-term
performance of structures, a study was conducted using carbon fiber plain weave/PLA as the research
object. Laminates and CTS structures with different volume fractions were prepared, and experiments
on static mechanical properties, dynamic mechanical properties, and stress relaxation were carried out
to characterize their mechanical performance and viscoelastic behavior. Representative volume element
(RVE) models and macroscopic finite element models were established to simulate the multiscale me-
chanical response of the composites. By combining the minimum strain energy path model, the effect of
viscoelasticity on the evolution mechanism of structural bistability was revealed. This study is expected
to provide a theoretical basis for the time-dependent design and performance prediction of composite
materials in deployable aerospace structures.
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Stability of nano, micro and macro composite structures

Buckling performance of composite panels with multiple cutouts using
streamline-based fibres and stiffeners

Alhaj Ahmad, Ahmad (ahmad.alhajahmad@Ism.tu-darmstadt.de), Darmstadt University of
Technology, Dept. Mechanical Engineering Institute for Lightweight Engineering and Structural
Mechanics, Germany
Mittelstedt, Christian (christian.mittelstedt@lsm.tu-darmstadt.de), Darmstadt University of
Technology, Dept. Mechanical Engineering Institute for Lightweight Engineering and Structural
Mechanics, Germany

Recent studies have shown that the buckling capacity of composite panels containing a single cutout
can be significantly enhanced by aligning fibers and stiffeners along curvilinear trajectories that follow
the streamlines of fluid flow around arbitrarily shaped cutouts. This paper extends the streamline-
based design methodology to composite panels with multiple cutouts, thereby addressing more complex
structural configurations. In particular, the potential flow around two circular cylinders of equal radius
is derived analytically using conformal mapping and complex variable theory. Finite element models
are developed to perform buckling analyses of unstiffened, longitudinally stiffened, and grid-stiffened
panels. Results are obtained for various stacking sequences, cutout sizes and arrangements, boundary
conditions, and loading scenarios. The findings confirm that curvilinear fiber and stiffener layouts
based on streamline trajectories substantially improve buckling performance compared with conventional
straight configurations.

Stability Analysis of Delaminated Composite Beams and Plates Using
Advanced 2D Finite Elements

Hauck, Bence (bence.hauck®@mm.bme.hu), Budapest University of Technology and Economics,
Hungary
Szekrényes, Andras (szeki@mm.bme.hu), Budapest University of Technology and Economics, Hungary

In order to capture the effects of orthotropic material behaviour caused by reinforced layers, 2D models
are required even for beam structures. The most expedient way to model these problems is to employ
plate theories and the concept of equivalent single layers. With the presence of delamination, structural
stability loss can be divided into two main scenarios: local and global instability. The local stability loss
occurs as the opening phenomenon of the delamination, on the contrary, global instability is related to
the stability loss of the whole structure. Basically, local instability can appear if the structure contains
a shallow-depth delamination. On the other hand, deep delaminations cause a significant reduction
in the structural stiffness, which can lead to the failure of the global structure. In particular cases,
both phenomena can occur at the same time. The prevalent modelling procedure for these problems
is to apply finite element method with 3D solid elements with contact conditions. Analyses can be
simplified by employing improved plate-theory-based finite elements, which include delamination as a
geometric property. This technique requires a set of special element types: intact, delaminated and
transition. Using these element families, the analysis of local and global stabilities can be separated
(mixed problems can also be investigated). The developed framework can be employed for static linear
stability analysis, linear dynamic stability analysis and post-buckling analysis. In addition, these models
can be modified in order to examine aeroelastic problems of delaminated composite plate structures.
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Sustainable and recyclable and recycled composite materials

Mechanical and Thermal Transport Characterization of Hot-Pressed
Mycelium-Based Composite Materials for Semi-Structural Mobility
Applications

Mengedoht, Miriam (miriam.mengedoht@tu-braunschweig.de), TU Braunschweig, Institute of Joining

and Welding, Germany
Engelmann, Kevin (k.engelmann@tu-braunschweig.de), TU Braunschweig, Institute of Joining and
Welding, Germany

Schneider, Hartwig (hartwig.schneider@tu-braunschweig.de), TU Braunschweig, Institute of Joining
and Welding, Germany

Hartwig, Sven (s.hartwig@tu-braunschweig.de), TU Braunschweig, Institute of Joining and Welding,

Germany

Mycelium-based composites (MBC) present a promising sustainable alternative to conventional foam
and chipboard materials by combining fungal mycelium with lignocellulosic substrates. These bio-
composites offer significant environmental advantages including biodegradability, independence from
fossil resources, resource conservation through utilization of industrial waste as substrates, a low carbon
footprint and the use of raw materials that do not compete with the food industry. Like many bio-
materials, MBC face the inherent challenge of highly variable material properties, which depend on
numerous factors such as fungal species, substrate composition, and cultivation conditions. Current
applications of MBC are limited to non-structural uses such as packaging materials, acoustic panels,
and insulation materials. This study investigates the mechanical characterization of MBC for potential
use as core materials in sandwich structures. Furthermore, thermal transport properties, particularly
thermal diffusivity, were evaluated using infrared thermography. The objective is to optimize MBC
properties and combine them with additional bio-based materials in sandwich configurations suitable
for semi-structural mobility applications. Seven fungal species (Cyclocybe aegerita, Fomes fomentarius,
Ganoderma lucidum, Lentinula edodes, Pleurotus eryngii, Pleurotus ostreatus, and Trametes versicolor)
were cultivated on various lignocellulosic substrates including alder, beech, maple, hemp shives and
oak. The grown materials were subsequently processed using hot-pressing with systematically varied
parameters: temperatures of 160 °C, 180 °C, and 200 °C, pressures of 2 and 4 MPa, and durations of 20
and 40 minutes, starting from literature-based reference conditions (160 °C, 4 MPa, 20 min). Mechanical
characterization was performed using three-point bending tests, impact bending tests, compression
tests and Shore-D hardness measurements, supplemented by optical analysis. Thermal diffusivity was
assessed using infrared thermography, where the temperature evolution in a defined region of interest
was monitored and analyzed to determine the heat transfer characteristics. Initial results indicate
significant variations in mechanical properties depending on fungal species, substrate type, and hot-
pressing parameters. This comprehensive characterization aims to establish MBC as viable core materials
for semi-structural bio-based sandwich components in sustainable mobility applications.

Pyrolysis Recycled Carbon fabric, Mass Productive, Circular Recyclable
Crosspreg(R) prepregs based production of Safety Shoes Toe caps

Creonti, Gianluigi (g.creonti@crossfire-srl.com), Crossfire Srl, Italy
Mazzocchetti, Laura (laura.mazzocchetti@unibo.it), Bologna University Alma Mater Studiorum,
Chimica Industriale Faculty, Italy
Ortolani, Jacopo (jacopo.ortolani@gruppohera.it), HerAmbiente FIB3R plant, Italy
Biondi, Daniele (daniele.biondi@gruppohera.it), HerAmbiente FIB3R plant, Italy
Alonso, Beatriz (b.alonso@graphenea.com), Graphenea, Spain
Passante, Gianluca (gianluca.passante®@trucker.it), Trucker, Italy
Elmarakbi, Ahmed (ahmed.elmarakbi@northumbria.ac.uk), Northumbria University, UK

Within the frame of GIANCE project, and in support of C-UP (Re-use of recycled Carbin Fiber for
Upcycled applications in the general industry) Ecosister Project for the Ecological Transition in the
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Emilia Romagna Region of Italy, Crossfire is directly involved in the development and prototyping of
some structural parts by the usage of the Recycled Carbon fabric patches to get important Extra
Lightweight in a Circular Recyclable, Mass Productive environment. The Crosspreg(R) resin system is
used to impregnate the recycled carbon fabric without any need of new sizing treatments. Further-
more, the Crosspreg(R) Graphene added version is developed to show additional important mechanical
improvements. Recycled Carbon fabric is produced through a thermal pyrolysis process from an ex-
isting industrial line at HERAmbiente (FIB3R plant), built with technical support of the Department
of Industrial Chemistry at the University of Bologna. The Crosspreg(® Resin system is a RT solid,
Crossfire patented hybrid (TS/TP) reactive prepreg, epoxy based and capable to impregnate by capil-
larity and create chemical bonds with Oxidized Graphene, supplied by Graphenea, and with the reactive
groups on the fabrics surface. The study shows the easy and perfect recycled fabric impregnation by
Crosspreg(R) and the important mechanical improvements obtained by the addition of very little % of
Graphene Oxide. Thanks to its very low viscosity at molten stage, Crosspreg(R) resin demonstrates
its capacity to easily impregnate the carbon fabric and make the Graphene Oxide particles enter and
chemically bond the fabric active sites. The FIB3R Recycling technology does not affect the carbon
fabric quality and offers great opportunities for its re-use at the highest mechanical level. The pres-
ence of chemically bonded Graphene offers additional advantages in Shear resistance, leading to higher
E-Modulus and lower deflection under load. All technical aspects, from the production of parts up to
their final Circular Recycling technologies, will be discussed. GIANCE Project is a European Union's
Horizon Europe research and innovation program under Grant Agreement No 101119286 and UKRI
under Grant Agreement No 10090645 and No 10101683, Graphene Flagship sponsored, dedicated to
developing technical advantages by the 2-D materials adoption inside Composite Materials.

Comparative investigation of mechanical and thermal properties of
polyamide 66 composites reinforced with waste nichrome and tungsten
carbide powders

Ceviz, Mehmet (mehmetceviz@trakya.edu.tr), Trakya University, Turkey
Cetintav, Isik (isikcetintav@trakya.edu.tr), Trakya University, Turkey

This study evaluates and compares the reinforcing efficiency of two different industrial waste powders
nichrome NiCr 80 20 and tungsten carbide WC Co Cr 86 10 4 within a polyamide 66(PA66) matrix.
The investigation focuses on how these distinct fillers influence the structural mechanical and thermal
characteristics of the engineering polymer when integrated through thermal molding processes. A
comparative assessment shows that both NiCr and WC particles integrate effectively into the PA66
structure though they contribute different performance advantages. The incorporation of NiCr powders
primarily enhances the tensile strength and provides a stable thermal response during phase transitions.
On the other hand the addition of WC Co Cr powders at various weight ratios significantly increases the
surface hardness and structural density of the composites. While NiCr serves as an effective metallic
filler for improving general mechanical robustness the WC reinforcement provides superior resistance
to deformation due to the high hardness of tungsten carbide particles. Thermal analysis reveals that
both filler types improve the thermal stability of the PA66 matrix. The melting behavior and thermal
conductivity show similar upward trends in both composite systems compared to the neat polymer. The
results demonstrate that the choice between NiCr and WC as a reinforcement should be based on the
intended application requirements where WC is more suitable for high hardness needs and NiCr is ideal
for balanced mechanical strength. Ultimately both waste materials offer a sustainable and cost effective
alternative for producing high performance PA66 composites proving that industrial by products can be
successfully repurposed for advanced material engineering.
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Thermal problems on composite structures

Deformation and Damage Mechanisms of rGO-Containing PBX Simulants abst. 1114

under Thermal Loading E_IdVA
riday

Ma, Zhenkun (3120240292@bit.edu.cn), State Key Laboratory of Explosion Science and Technology, June 26
Beijing Institute of Technology, Beijing 100081, China, China 12h30

Liu, Rui (liurui_icm@126.com), State Key Laboratory of Explosion Science and Technology, Beijing
Institute of Technology, Beijing 100081, China, China
Wang, Shuji (nucwsj@126.com), State Key Laboratory of Explosion Science and Technology, Beijing
Institute of Technology, Beijing 100081, China, China
Chen, Pengwan (pwchen®@bit.edu.cn), State Key Laboratory of Explosion Science and Technology,
Beijing Institute of Technology, Beijing 100081, China, China

Polymer-bonded explosives (PBXs) are heterogeneous composites. They consist of a high volume frac-
tion of explosive crystals embedded in a small amount of polymeric binder. Owing to the pronounced
mismatches in thermal expansion coefficients, thermal conductivity, and mechanical properties between
the crystalline phase and the binder, interfacial debonding and related damage can easily initiate under
complex thermal loading. These damages tend to accumulate progressively. As a result, irreversible
deformation occurs, which may pose potential safety risks during service.In this study, a small amount
of reduced graphene oxide (rGO) was introduced into PBX simulants. The aim was to systematically
investigate their deformation behavior and damage mechanisms under thermal loading. Based on the
fundamental thermophysical and mechanical properties of the materials, the influence of rGO content
on the thermal shock resistance factor was first evaluated. Subsequently, thermal shock experiments
were designed and conducted. During the experiments, the deformation evolution of rGO-containing
PBX simulants was measured in situ using digital image correlation (DIC).The results revealed that
rGO effectively mitigates thermally induced damage in PBX simulants.Post-test microstructural char-
acterization was performed using X-ray micro-computed tomography (micro-CT) and scanning electron
microscopy (SEM). This allowed identification of thermal damage features within the materials. Fur-
thermore, a finite element model incorporating a brittle material damage plasticity (CDP) framework
was established. The model simulated the deformation and damage processes of rGO-modified PBX
simulants under thermal loading. Based on these simulations, the effects of rGO content on the thermal
shock resistance and damage evolution of the materials were systematically quantified.

Thermal Protection and Functional Integration Design for Thermoplastic  abst. 1126

Resin Matrix Composites via Two-Phase Aerogel E_IdVA
riday

Wang, Ning (ningw@buaa.edu.cn), Beihang University, China June 26
Zhu, Weijun (zhuweijun@buaa.edu.cn), Beihang University, China 13h10

Zhang, Zhikun (by2207158@buaa.edu.cn), Beihang University, China
Li, Dongsheng (lidongs@buaa.edu.cn), Beihang University, China

Current fiber-reinforced thermoplastic composites (FRTP) thermal protection systems generally rely on
ablative cooling or latent heat phase change mechanisms. These methods often result in components
that are difficult to reuse, coupled with high manufacturing complexity and costly maintenance. To
achieve long-term thermal protection for FRTP structures, this study designed a silica aerogel-carbon
aerogel-matrix multilayer gradient composite material (SCMC). It effectively enhances the sustained
thermal protection performance of the composite material and achieves multifunctional integration.
For SCMC, the resin matrix serves as the precursor for carbon aerogel. Through laser-induced and
layer-by-layer stacking techniques, it enables the integrated formation of laser-induced graphene (LIG)
aerogel layers. This ensures strong interfacial bonding and high manufacturing efficiency. Additionally,
an antioxidant silica aerogel was prepared on the surface of the carbon aerogel via a sol-gel process.
The silica sol permeated into the porous interior of the carbon aerogel, followed by gelation and drying,
enabling mechanical bonding between the two aerogels. This ensures the SCMC exhibits exceptional
multi-interface strength. Simulation and experimental testing demonstrate that SCMC can elevate
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the long-term operating temperature of composite materials by approximately 150°C while effectively
suppressing out-of-plane heat conduction. Functionally, the LIG layer achieves rapid surface heating
and de-icing through the Joule heating effect. The porous structure and high conductivity of LIG
aerogel endow SCMC with electromagnetic interference shielding performance exceeding 50dB. Fur-
thermore, hydrophobic treatment during silica aerogel fabrication imparts exceptional water resistance.
This integrated structural-functional design and manufacturing strategy for SCMC demonstrates broad
application prospects in intelligent hypersonic vehicles and spacecraft.

Modeling of Ultrasonic Cutting of FRP Prepregs considering
Temperature-dependent Viscoelasticity

Yue, Qizhong (leqz24@mails.tsinghua.edu.cn), Shenzhen International Graduate School, Tsinghua
University, China
Feng, Pingfa (fengpf@tsinghua.edu.cn), Department of Mechanical Engineering, Tsinghua University,
China
Feng, Feng (feng.feng@sz.tsinghua.edu.cn), Shenzhen International Graduate School, Tsinghua
University, China

Conventional machining models for fiber-reinforced composites typically assume an elastic or elasto-
plastic matrix behavior, which is fundamentally inadequate for uncured prepregs whose mechanical
response is dominated by pronounced viscoelasticity arising from low cross-link density. Crucially, the
resin’s constitutive behavior is highly sensitive to both temperature and dynamic loading frequency.
A third-order Prony-series-based viscoelastic model was proposed incorporating the time-temperature
superposition (TTS) principle, rigorously calibrated for application in ultrasonic cutting simulations of
carbon fiber prepreg laminates (CPL). The main works include as follows: (1) A micromechanically in-
formed representative volume element (RVE) explicitly couples frequency-and-temperature-dependent
resin viscoelasticity with fiber reinforcement, achieving an average prediction error of 12.1% with dy-
namic tensile tests across a range of temperatures (25-80 °C) and frequencies (1-100 Hz); (2) A coupled
thermo-mechanical model accounting for viscoelastic hysteresis heating and transient heat conduction
in ultrasonic cutting predicted peak surface temperature within 7.4% of experimental measurements;
and (3) A physics-based ultrasonic cutting simulation considering localized temperature and frequency-
modulated modulus softening yielded a mean absolute error of 17.2% in predicted cutting forces. Collec-
tively, this work establishes a predictive, thermally aware, and frequency-resolved modeling paradigm for
ultrasonic cutting viscoelastic composites, and provides a generalizable framework for failure modeling
under combined thermal-dynamic loading.

Transpiration cooling of wedge shape nose cone with phase change

Yang, Fan (yangfan.vib@gmail.com), Harbin Institute of Technology, China
Li, Xiaojian (1075303301@qq.com), Harbin Institute of Technology, China

To cope with the reality of higher and higher Mach number to hypersonic aircraft and the ultra-high
aerodynamic heat that comes with, transpiration cooling with phase change is seen as an efficient
method to deal with extreme high aerodynamic heat. Due to the cost of flight experiment is quite
expensive, CFD method is seen as a useful way to research transpiration cooling with phase change.
This paper describes the influence of relative porous structure, cone geometry and boundary condition
parameters to half cone during transpiration cooling with phase change according to simulation approach
with two-phase mixture model (TPMM) and local thermal non-equilibrium (LTNE) theory. The model
is verified by comparing with analytical solution in previous study. The research proposed a trans-scale
method to compute the permeability of porous medium and found the different distribution of particle
has significant impact to the heat transfer in porous medium. In the comparison of different relative
parameters, the results indicate the smaller diameter particle can efficiently decrease the temperature
of stagnation point, smaller cone angle can improve the temperature distribution nears the cone trailing
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end, the cooling effect and porous manufacturing cost needs to be balanced when it comes to thickness
study and gradient pressure affects cooling effect which can be improved with different porosity and
injection rate in various heat transfer status during transpiration cooling with phase change.
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