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Abstract

Fibre-reinforced composites have excellent mechanical and dissipation properties, making them particularly valuable for
applications requiring the material to absorb high kinetic energies, such as in crush applications. Simulating a crushing event using
physically-based implementations can be complex. To properly implement Non-local Damage Models, it is essential to understand
the intralaminar properties of the material. The Compact Compression and Compact Tension tests are the most used experimental
tests to obtain these properties. This study is dedicated to the calibration procedure of the intralaminar fracture energies and damage
parameters for the Waas-Pineda damage model in the ESI-VPS commercial software, for a unidirectional laminate. The calibration
process involves the simulation and comparison of Compact Compression and Compact Tension tests with experimental data.
Validation is accomplished by comparing numerical crashworthiness results with experimental data. The comparison demonstrates
the effectiveness of the Wass-Pineda model in capturing the behaviour of crashworthy composite components.
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1. Introduction

Over the past forty years, composite materials have been used in numerous applications thanks to their favourable
strength-to-weight ratio (Cocchi et al., 2020; Raimondi et al., 2024; Raimondi et al., 2021). Additionally, their
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customisable nature allows the optimisation of the mechanical properties of a component to the expected operational
loads. On the other hand, the failure mechanisms of composite laminates can be extremely complex, and the
understanding of failure evolution across different environmental conditions is still an open area of investigation.
Numerous studies have been conducted to investigate the effects of ageing (Alam et al., 2018; Cysne Barbosa et al.,
2017; Netzel et al., 2021), impacts (Damghani et al., 2023; Falaschetti et al., 2015), high temperature (Cysne Barbosa
et al., 2017; Li and Xian, 2019; Tsotsis, 1995; Zavatta et al., 2021), and moisture (Cysne Barbosa et al., 2017;
Falaschetti et al., 2021; Selzer and Friedrich, 1997) exposure on composite materials to improve understanding of
these effects and fully utilise the advantageous properties of these materials. In modern vehicles, the weight of the
structure is crucial for the safety of occupants and fuel consumption, which are important design considerations.
Significant efforts are put into weight-saving solutions in both automotive and aeronautical industries to meet stringent
safety standards and improve fuel consumption. The main challenge in using composite crashworthy components in
the mainstream industry is the difficulty in predicting their performances and guaranteeing their consistency across
multiple loading scenarios (Falaschetti et al., 2023; Raimondi et al., 2024; Troiani et al., 2015). Numerical simulations
of crash events play an important role in understanding the behaviour of a structure under crash conditions (McGregor
et al., 2017; Rondina et al., 2023). Many of these numerical models use some degrees of non-physical tuning
parameters to overcome the difficulties of including high-fidelity representations of stress-induced failure phenomena.
These techniques can limit the predictive reliability and scope of application of fine-tuned models. Therefore, it is
important to develop models which rely more heavily on experimentally measurable quantities and less on artificially
derived parameters. Moreover, these finite element tools should be able to predict industrial-scale component response
to crash loading, without requiring excessive computational costs. These requirements can be satisfied by Non-local
Damage Models (NDM). In these models, the damage effect is treated using traction-separation formulations, which
characteristics can be obtained by means of experimental tests. The Waas-Pineda damage model (Pineda and Waas,
2013), implemented in the commercial software ESI-VPS, is an example of these models. In order to obtain reliable
predictions, it is important to properly provide all the material properties and parameters describing the damage
mechanisms observed in the crushing of the composite structure (Falaschetti et al., 2024). This requires an extensive
experimental material characterisation including Compact Tension (CT) and Compact Compression (CC). CT and CC
tests were originally developed for isotropic materials (ASTM standard, 1997) and were only later used for composites
(Pinho et al., 2006) and are used to obtain fracture toughness associated with intralaminar tensile and compressive
fibre breaking. CT and CC are fundamental for the Waas-Pineda (WP) damage model calibration. They are used to
iteratively adjust the elimination parameter and fibre fracture energy values until an improved representation of
experimental tests is obtained. The manuscript focuses on calibrating the fracture toughness associated with
intralaminar fracture in a unidirectional cross-ply carbon/epoxy laminate. The calibration procedure for the WP
damage model is validated by comparing the crashworthiness experimental and numerical outcomes of a self-
supporting component.

2. Materials and methods
2.1. Numerical model

Waas-Pineda damage model (WP) combines orthotropic elastic-plastic behaviour with nonlocal damage
formulation. Its implementation in the ESI-VPS’s software is described in ESI-Software (2023) and Falaschetti et al.
(2024), while additional details are in (Pineda, 2012; Pineda and Waas, 2013; Rondina et al., 2023). Moreover, a
detailed study of the general calibration procedure is described in Falaschetti et al. (2024). This work focuses on the
CC and CT tests and their specific use for calibrating the damage parameters for the unidirectional ply material card.
The model, in fact, needs the intralaminar fracture energies for compressive and tensile loading in fibre and matrix
direction and shear loading. In the WP damage model, the inputs of the fracture energies are equivalent to energy
release rates corresponding to fracture smeared over the finite element volume, therefore resulting in mesh
dependency. It is, therefore, necessary to adjust the fracture energy inputs with a correction factor to ensure the
equivalence of the total dissipated energy at the volumetric level. This can be achieved by conducting an initial
simulation for CT and CC tests, incorporating all experimentally measured material characteristics, and subsequently
comparing the results with the Force-Displacement curves. Exploring different mesh dimensions helps determine the
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model conditions that best represent the experimentally measured energies (G.): when the curves do not align, it is
necessary to adjust the energy values, typically by considering a reference mesh dimension (;) with good agreement
and then calculating the energy values (g,) for the other mesh condition (lf), as g. = G.l;/1;.

Once the fracture energies are calibrated, the damage parameters controlling the critical damage limit (D,,,, ) and
the equivalent shear strain limit (&;,) should be adjusted to obtain a reliable failure mode. The first parameter
represents the maximum damage tolerance of an element after the initiation of failure. It can be expressed as
Dpax = (1 — a/a®) where ais the borne stress and ¢© is the critical stress level at which the failure starts. The second
parameter triggers the element eliminations and is obtained as €;;,,, = &;; — (1/3)&y8;; Where &; is the shear strain,
&k the strain orthogonal to the ij plane, and &;; is the displacement occurred on the ij plane.

In this study, different values were employed to comprehensively assess the impact of two numerical parameters.
Specifically, values of 0.85, 0.6 and 0.2 were used for the maximum damage, while 0.3, 0.15 and 0.01 were applied
to the equivalent strain limit. It should be noted that the D,,,, and &;;,,, apply to all modes of failure. Although it is
conceivable to fine-tune specific values for the fibre direction in both tension and compression loading conditions
through CT and CC simulations, the utilisation of the material card in crashworthiness simulations necessitates careful
consideration of the requisite trade-offs between the values obtained in single-loading condition simulations.

2.2. Experimental setup and tests

Unidirectional (UD) cross-ply laminate ([90/0],,) was manufactured from a 150 gsm T700-DT120 high-toughness
epoxy prepreg, consolidated through autoclave technology. The final thickness of the laminate was 2.4 mm, while the
resulting fibre volume fracture reached 64%. All coupons were milled by CNC machining. To achieve the required
sharp crack tip for the CT specimens, a 4 mm wide notch was created using a diamond-coated disk saw, extending to
a length of 20 mm. Subsequently, a 1 mm thick disk saw was utilised to produce a 10 mm long extension of the pre-
crack, followed using a 0.1 mm thick razor blade in a sawing motion to obtain a sharp crack tip. The CC and CT tests
were performed on an oleo-dynamic testing machine under displacement control at a rate of 1 mm/min.

3. Experimental results

Combined force-displacement plots and crack length were post-processed according to ASTM E399 method
(ASTM standard, 1997) modified for orthotropy and Compliance Calibration (Liu et al., 2018) to obtain the fracture
energies of the cross-ply laminate. These values correspond to the combined effect of critical energy release rates for
fibre fracture in the 0° layers and matrix failure for the 90° plies. Calculating the lamina values, as described in Pinho
et al. (2006), necessitates the assumption that these energies are additive, thereby neglecting all the other interactions
between the other plies. Furthermore, it is posited that the matrix toughness is equivalent to the critical energy release
rates found by interlaminar failure in Mode I and Mode II for tensile and compression conditions, respectively. These
assumptions allow for the computation of fibre tensile and compressive failure modes, reported in Table 1.

Table 1. Experimental fracture toughness values.

Parameter Value (J/m2) Test Parameter Value (J/m2) Test
Gre 105 CT Gt 0.47 DCB
Grc 82 CcC Grie > Gz 1.79 ENF

4. Numerical implementation

As discussed in previous sections, the WP model needs to be calibrated with respect to the intralaminar fracture
energies and specific numerical parameters. The first stage in calibrating energies is to verify the suitability of
experimentally measured values for the model's mesh dimensions by means of CT and CC test simulations. In this
manuscript, two different mesh dimensions (0.2 mm, and 0.6 mm) were considered. Subsequently, the influence of
the maximum damage (D,,,4,) and the equivalent strain limit (g;,,,) need to be assessed. A sensitivity analysis was
performed separately for tensile and compressive failure modes to determine the extent to which these parameters
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affect the results. Other than these features, the models shared identical settings: the notch region was discretised with
smaller mesh element dimensions compared to the areas of the specimens where no damage is expected; out-of-plane
displacement was restricted to mimic the anti-buckling fixture used in experimental tests; the load was applied by
prescribing a constant displacement at the loading regions using a multi-point constraint, allowing free rotation around
the out-of-plane axis. For the CT coupon notch, the crack tip is represented by a V-shaped mesh offset. In CC models,
the contact algorithm is introduced to compensate for the loss of material deriving from the elimination of elements
during the crack propagation.

In the first step, experimentally determined material characteristics were implemented while values of 0.85 for
D,ax and 0.15 for g;,,, were selected based on previous works (Falaschetti et al., 2024; Rondina et al., 2023; Rondina
and Donati, 2020). This preliminary assessment facilitated an evaluation of the compliance of material energies with
the specified mesh dimensions. Fig. 1 illustrates the favourable correlation observed for the 0.2-mm mesh,
necessitating solely calibrating numerical parameters.
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Fig. 1. Simulation results for CT and CC models implementing experimental material parameters: mesh dimension comparison.
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Fig. 2. 0.6-mm mesh CT (a) and CC (b) simulations results for different values of EFR11j, D,,q, and &,

In contrast, the 0.6-mm mesh exhibited a poor correlation, indicating the model's reliance on intralaminar fibre
fracture energy. The appropriate energy value for the 0.6-mm mesh dimension can be calculated by considering the
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0.2-mesh as a reference and scaling the energy values accordingly. The intralaminar tensile fibre energy is 43 J/m?,
while the energy in compression is 82 J/m?. Fig. 2 displays the results of the calibrations for the 0.6-mm mesh. After
calibrating the damage parameters in CT and CC tests, the material card needs to be validated in crashworthiness
simulations. The specimens used in this study are self-supported coupons consisting of 5 half-circle repetitions
(Fig. 3b). The model consists of six shells representing the material stacking sequence [0/90];;, interleaved by five
cohesive layers representing the resin-rich interlaminar interfaces (Fig. 3a). One end of the specimen is fixed, while
the opposite was modelled with a chamfer geometry to represent the experimental boundary conditions. The striker
wall was modelled as a rigid body, and the test was run under displacement control. Two models were simulated with
mesh sizes of 0.2, and 0.6-mm (Fig. 3) to validate the material cards calibrated using the CT and CC tests. The results
of the crashworthiness simulation are depicted in Fig. 4. The 0.2-mm mesh model, using the material card with
experimentally measured material properties, closely matches the results. The 0.6-mm mesh model produces good
results only when the calibrated material card is used. When the base material parameters are implemented, the results
deviate significantly from the experimental curves. It is evident from the analysis that, once the material card has been
properly calibrated, each mesh dimension can be effectively utilised for crashworthiness simulations. The 0.2 mm
mesh yields highly detailed outcomes but demands over tenfold the computational effort compared to the 0.6 mm
mesh model, consuming 266 hours versus 26 hours of CPU time. This is in the context of a timestep of 0.125E-3 ms
for the 0.2 mm model and 0.295E-3 ms for the 0.6 mm model. However, the latter achieves a favourable balance
between computational time and result accuracy while still ensuring reliability. It provides a significantly faster run
time compared to the finer mesh, while still maintaining strong correlations with experimental results.

(a) Imposed displacement

Fixed end

Cohesive elements

Fig. 3. Crashworthiness simulations: (a) boundary conditions; (b) section of the self-supported crashworthy specimen;
(c) mesh dimensions and trigger focus.
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Fig. 4. Crashworthiness simulations — results comparison.
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5. Conclusions

This study focuses on the calibration of intralaminar fracture toughness values using both Compact Compression
(CC) and Compact Tension (CT) tests. The calibrated values are essential for accurately defining the material card
parameters required for the Wass-Pineda damage model as implemented in the ESI-VPS software. The manuscript
presents a series of simulations performed on the CT and CC tests. A sensitivity analysis was conducted to assess the
impact of mesh dimensions on the intralaminar fracture energy value to be used as well as the maximum allowable
damage and the equivalent shear strain limit on the notched specimens’ tests. The calibrated material cards are
validated against crashworthiness tests conducted on self-supported coupon specimens, providing an important
benchmark for assessing the predictive accuracy of the model. The validation tests are in good agreement with
experimental evidence, confirming the reliability and robustness of the calibration procedure. This work highlights
the effectiveness of the Wass-Pineda model in capturing complex intralaminar damage mechanisms and offers
valuable insights into optimising simulation parameters for accurate fracture toughness prediction in composite
materials. Moreover, the 0.6-mm mesh is recommended as the most efficient and reliable option for crashworthiness
simulations. It provides a practical balance between computational cost and result accuracy, enabling the simulation
of extensive numerical models relevant to industrial applications.
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