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Abstract. Composites are no longer promising materials in the industry and have already become a reality in
several applications. Their valuable properties such as high strength/weight ratio, durability, and corrosion resis-
tance make them suitable for a vast range of applications. Looking for composites manufacturing, pultrusion is
a technique that can produce closed and open-section profiles with a broad range of fiber orientation distribution
throughout different areas of the cross-section. The process involves pulling reinforcement fibers through guides,
immersing them in resin material, and placing them in a heated chamber to cure, all in a continuous process.
Various applications, including bridge construction, marine construction, transportation, and energy systems, have
adopted these techniques. Typically, structural components can be simplified into beam-like components. These
components can be exposed to different loading conditions in each application, usually in a combination of torsion,
flexure, and traction, which have varying contributions to the total load. In this situation, creating new composite
parts can be a difficult and time-consuming task because of the many variables involved. To address this issue, a
previous investigation of this research focused on using the constant cross-section of extruded parts to analyse their
free vibrational modes and frequencies. This analysis provided information on the stiffness distribution. However,
this information alone does not provide all the necessary collection of data to draw robust conclusions. In this
sense, this work aims to investigate structures under combined loads in attempt to extract information about their
static behavior. Along with this information a static analysis is also employed to generate failure curves, which are
collections of points that characterizes the resistance of each cross section studied under different load contribu-
tions of bending and torsion. Thus, stiffness and resistance of different types of cross-sections, with multiple fiber
angle distributions, can give valuable insights to the designer.
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1 Introduction

Composites have transcended their status as mere promising materials within the industrial landscape, evolv-
ing into indispensable realities across a multitude of applications. Their remarkable attributes, including elevated
strength-to-weight ratios, durability, and corrosion resistance, position them as versatile solutions for a wide spec-
trum of uses [1–3]. Among the various methods of composite manufacturing, pultrusion stands out as one of
the longest standing and the oldest continous process at the same time. This technique is capable of producing
both closed and open-section profiles. This process facilitates a diverse distribution of fiber orientations through-
out distinct regions of the cross-sectional profile, thus widening the possibilities for material’s structural behavior
tailoring [4].

The pultrusion process encompasses a sequential operation wherein reinforcing fibers are drawn through
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guides, subsequently immersed in a resin matrix, and then subjected to a curing process within a heated chamber –
all carried out in an uninterrupted, continuous manner. This technique has found widespread adoption in numerous
critical domains, ranging from the construction of bridges and maritime structures to transportation systems and
energy infrastructure. Often, these applications involve intricate structural components that can be simplified into
beam-like configurations [5].

However, the inherent complexity of real-world loading conditions, which commonly encompass a combi-
nation of torsion, flexure, and tension, necessitates a meticulous understanding of the static and dynamic behav-
ior of these composite structures. Introducing new composite components tailored to specific applications can
be a challenging and time-intensive endeavor due to the multitude of variables at play. Recognizing this chal-
lenge, the preceding study [6] investigated the free vibrational modes and frequencies of parts possessing constant
cross-sections. This analysis yielded insights into the distribution of stiffness across these components, offering a
foundation for comprehending their mechanical properties.

Nevertheless, the scope of the previous investigation is limited, as it exclusively addresses vibrational behav-
ior, leaving critical gaps in our understanding of these composite structures’ static characteristics. To address this
gap, the present work is dedicated to a comprehensive exploration of the static behavior of composite structures,
with the objective of extracting valuable insights into their static response. To do so, interaction curves for these
composites sections are selected as a methodology for this exploration.

Interaction curves, also known as strength envelopes, are widely used in structural engineering and mechanics
to provide a graphical representation of the combined effect of multiple loadings on a structural component or sys-
tem. Particularly diffused over the metallic and concrete structures domain, these interaction curves are frequently
used to build technical information and assess buckling withstanding performance of beams as it can be checked
in [7]. These curves play a crucial role in the design and analysis of structures, particularly those subjected to
complex and concurrent loading conditions [8].

This study aims to unravel a more nuanced comprehension of these structures’ performance under varying
loading conditions. In doing so, it aspires to furnish a holistic framework that advances the design, analysis, and
optimization of composite structures manufactured through the pultrusion technique.

2 Methodology

The methodology adopted in this study is based on numerical models using the Finite Element Method (FEM)
for each geometry investigated. Using this tool, the load configuration was sistematically varied in every simulation
run so that a series of specific combinations of values for torsion and flexure loads were obtained. These load
combinations have one thing in common: the maximum Tsai-Wu failure criteria value found in the model is 1.
In other words, the first step was to obtain the admissible load of each geometry by applying one kind of load
separately. Once the flexure and torsion ultimate loads, FAdm and TAdm, were defined, a fraction of one of these
loads was applied to the model and the other load was systematically increased up to failure criteria reaches the load
combination that violates the safe envelope. These data were gathered and the interaction curves were obtained.
Below, a more detailed description about the FEM model and the geometries studied are shown.

2.1 Numerical Model

Using the Finite Element Method (FEM) to analyze composite structures presents distinct characteristics
compared to its application in the analysis of isotropic materials like steel and aluminum, as highlighted by [9].
In this work, models were built with quadratic 20-node hexaedrical elements to perform a linear static analysis.
Boundary conditions are equivalent to a cantilever beam, where the nodes of one end have all their degrees of
freedom (DOF) restricted to zero, while at the other, rigid beam elements are used to connect the end’s face nodes
to a master node which is used to apply Torsion (T ) and Flexural force (F ). Figure 1 illustrates the model for the
bulk cantilever beam case.

All models of this work were built using ANSYS Mechanical APDL [10]. The study maintains consistent
material properties throughout its procedures, which were determined using a micromechanical method employing
the online tool ”Mech G-Comp” as outlined in the work by [11]. The material composition consists of 78% weight
of ”Fiberglass S2” and 22% epoxy resin. For the determination of failure criteria, the Tsai-Wu failure criteria
was chosen for its capability of differing traction and compression forces. The equation can be written as in
equation 1 [12].

F1σ1 + F2σ2 + F3σ3 + F4σ4 + F5σ5 + F6σ6 +
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Figure 1. Example of FEM model: bulk cantilever beam example.
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Now let the failure strength in tension and compression in the directions of anisotropy be R1t, R1c, R2t, R2c,
R3t, R3c and the shear strengths in the planes of symmetry be R23, R12 and R31 the coefficients of the criterion
are as in equation 2:
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Table 1 shows the material properties applied in this work. The failure strength in directions of anisotropy
are depicted in Table 2.

Table 1. Elastic properties of the composite material considered.

Property Nomenclature Value

Young Modulus E1 [GPa] 55.84
Young Modulus E2 = E3 [GPa] 17.92
Poisson Ratio ν12 = ν31 0.0.27
Poisson Ratio ν23 0.35

Shear Modulus G12 = G31 [GPa] 6.205
Shear Modulus G23 [GPa] 3.89

Table 2. Stress limits of the composite material considered.

Property Nomenclature Value

Ultimate Traction R1t [MPa] 2000
Ultimate Traction R2t = R3t [MPa] 62

Ultimate Compression R1c [MPa] 965
Ultimate Compression R2c = R3c [MPa] 155

Ultimate Shear R12 = R31 [MPa] 93.08
Ultimate Shear R23 [MPa] 46.15
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2.2 Geometries

All geometries considered for this study are presented in Figure 2, from 1 to 5, on the same dimension scale.
The 5 cases have same cross sectional area of 10000 mm2 and the fibers are oriented at 0◦, which corresponds
to the length direction of the beam (in green), except for geometry 1, which has a layer of material (in orange)
oriented peripherally at 45◦.

Figure 2. Geometries considered for this study with their respective dimensions (on same scale) and fiber orienta-
tion.

3 Results

All five considered geometries shown in the previous subsection were analysed applying a varying combi-
nation of loads. It was explained in the methodology section that for each geometry an interaction curve that
represents a kind of safe envelope for loads combination has been built. As it can be seen in figure 3, a collection
of curves that represents the combination of flexure and torsion that returns a Tsai-Wu failure criteria equal to unity
is presented. Each point of each curve represents a condition which the component fails under a specific loading
condition. In other words, each curve represents a strenght envelope and the points below each curve can be con-
sidered a feasible solution (a solution that the component would theoretically not fail). Since for all geometries
the common constant parameter was the cross sectional area (and the volume), they still have different geometrical
properties as moment of inertia and torsion constant. Consequently, the different geometries presents FAdm and
TAdm distincts.

These results show that, for instance, geometry number 1 the worst choice for flexure load condition, while
the geometry number 5 is the example that performed better.

For a better reading of the results, Figure 4 shows the same information with a normalized collection of
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combined loads. Then the x and y axis are ranging between 0 and 1 and corresponds to F/FAdm and T/TAdm,
respectively.

These results are interesting because they depict each geometry’s ability to withstand combined loads. For
instance, we can see that geometry number 5 can deal with an increasing flexure load without needing to decrease
torsion loads near the ultimate value. Although geometry 5 is not the best choice for flexure or torsion loads, these
geometry presented the smoother transition between the applied loads.
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4 Conclusions

The features analysed here are useful for the designer when composite structures stand combined loads. The
insights observed applying the proposed methodology are important in the sense that the replacement of metallic
components by similar ones in composite material is increasingly evident in industry, especially in automotive and
aeronautics. The simple notion that different geometries for cross sections can completely change the behavior
of the structure against a selection of combined loads is of great value for the definition of components for the
industry.

It is important to mention that the results presented here are in a preliminar stage and some limitations
can be estimated, for example, the accounting for local stress effects that can significantly dictate the interaction
curve behavior. A thorough investigation on the behavior of such geometries must be done in order to draw a
definitive conclusion on the drawbacks and advantages of each cross section. However, as many components
applied in industry are susceptible to more than one kind of load, the results presented in this work show that
simple geometries with very few modifications can incurr in huge changes in the static behaviour.
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