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Abstract. In this paper, a finite element (FE) beam formulation based on a Legendre polynomial
expansion of the cross-sectional displacement field is proposed [1]. Within the framework of the
Carrera Unified Formulation (CUF) [2], higher-order beam models for compact and thin-walled
composite structures are developed using a recursive formalism, leading to a numerical model with
full three-dimensional capabilities through a p-refinement strategy [3].

The analysis of complex nonlinear phenomena, such as localized or secondary buckling, critical points,
and bifurcation behaviour, generally requires highly accurate discretization schemes. The most
common approach to improve accuracy is the h-refinement, in which the global element size is reduced,
increasing the mesh density. However, an effective alternative is the p-refinement strategy, which
achieves convergence by increasing the polynomial order of the approximation functions [4,5]. In the
context of nonlinear structural analysis, higher-order models are crucial, requiring refined theories to
accurately represent complex three-dimensional deformation states, such as cross-sectional warping,
twisting, and local effects. The adoption of the p-refinement technique avoids the use of excessively
refined meshes and provides the definition of high-fidelity models and local refinements, necessary to
capture localized large cross-sectional displacements and rotations. As a result, higher-order
formulations can capture nonlinear instability phenomena with improved accuracy and reduced
computational cost compared to classical low-order models [6].

In this work, the capabilities and accuracy of the proposed higher-order beam model based on p-
refinement are investigated in the geometrically nonlinear regime, developing the nonlinear extension
of the originally proposed Hierarchical Legendre Expansion (HLE) model [7] for the large-
displacement analysis of both compact and thin-walled isotropic and composite structures. This refined
FE procedure enhances the capabilities of geometrically nonlinear beam models [8] by employing
HLE-based cross-sectional kinematics within the unified CUF framework, thereby enabling the
derivation of refined one-dimensional models [2]. In the CUF approach, the governing equations are
expressed in terms of a few Fundamental Nuclei (FNs), the basic building blocks of the formulation,
and formally independent of the adopted theory of structural approximation [2].

The representative numerical examples presented demonstrate the reliability of the proposed method

in predicting both displacements and stress fields, and compare the computational cost—measured by
the number of degrees of freedom (DOFs)—required by classical higher-order models and full three-

dimensional solutions.
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