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Abstract. This study investigates the failure of ultra-thin deployable composite structures. The
analysis focuses on a laminated tape spring composed of three layers of glass fibre and carbon
fibre reinforced polymers, subjected to opposing bending moments at its ends. The Carrera Unified
Formulation (CUF) is employed for the numerical analysis within a geometrically nonlinear
framework. This approach enables the accurate evaluation of the complete three-dimensional (3D)
stress state at each equilibrium configuration. The Hashin 3D criterion is then applied to compute
failure indices, allowing for the identification of critical points along the nonlinear equilibrium
path. The results conclusively identify the mid-span section as the most critical region, with
matrix-dominated failure modes being predominant.

Introduction

Deployable structures have gained prominence in space engineering due to their ability to reduce
significantly mass, volume, and cost [1]. Typically fabricated from thin or ultra-thin materials,
these structures are extensively used in applications such as satellite antennas [2]. Tape springs
represent the most common type of deployable boom. While traditionally metallic, recent designs
increasingly employ carbon fibre-reinforced plastic (CFRP) to achieve superior stiffness-to-mass
ratios. These structures demand advanced analyses due to their nonlinear mechanical behaviour,
including large deformations coupled with local and global instabilities, which can produce
damages [3, 4]. Material nonlinearities present additional complexities, particularly when
modelling composite or elastomeric components, where an accurate failure prediction is crucial
and due to their propensity for multifaceted failure modes, making high-fidelity modelling both
essential and challenging.

This study focuses on the accurate evaluation of three-dimensional (3D) stress fields and the
failure mechanisms in space deployable structures by calculating the failure indices within the
geometrical nonlinear framework. This study employs the one-dimensional version of Carrera
Unified Formulation (CUF) [5, 6] for the structural modelling. CUF framework decomposes the
three-dimensional displacement field into axial and cross-sectional components, enabling the
implementation of higher-order theories that accurately capture cross-sectional deformation
patterns. Specifically, Lagrange polynomial expansions are utilized to represent the kinematics.
This refined beam formulation provides significant computational advantages over conventional
2D and 3D finite element approaches, particularly in terms of solution efficiency. The
methodology maintains 3D solution accuracy while substantially reducing computational costs.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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CUF has been recently adopted for calculating the nonlinear behaviour of deployable space
structures [7, 8].

This paper is organized as follows: (a) Section Methodology introduces the principles of CUF
in the nonlinear scenario; (b) Section Numerical Results presents the main outcomes; and (c)
Section Conclusions summarizes the key findings of the study.

Methodology
According to the CUF, the 3D displacement field can be expressed in the following unified form:

u(x,y,z) = E(x,2)ug, t=12,...M (1)

where u denotes the displacement vector with components defined in the global reference system
(x,y,2). F; (x,z) represent the cross-sectional functions in-plane coordinates (x,z), T is the
summation index, and M is the number of terms used in the cross-sectional displacement
expansion. In the present work, quadratic Lagrange polynomials (L9) are adopted to approximate
the kinematic field; further details can be found in [5]. The use of Lagrange polynomials enables
the discretization of complex cross-sectional geometries.

To approximate the displacement field along the beam axis, the Finite Element Method (FEM) is
employed. Thus, the displacement vector u,(y) may be now expressed as:

u(x,y,z) = NO)E@ Duy,  i=12,..,N, (2)

where N;(y) denotes the i-th one-dimensional shape function, i indicates summation, and N,, is
the number of finite element nodes per element, whereas u; is the vector of nodal parameters. In
this formulation, one-dimensional finite Lagrangian elements are used along the y-axis.

Finally, the stress ¢ and strain € components are expressed in vectorial form as:

T T
o= {Gxx Oyy Ozz Oyz Oxz Oxy } , €= {Exx €yy €27 €Eyz €Exz Exy } (3)

Regarding the geometric relations, the Green—Lagrange nonlinear strain components can be
written as

€=¢€ +¢€, = (b, +by)u 4)

where €; and €,;; denote the linear and nonlinear strain components, respectively. The 6X3 linear
and nonlinear differential operators, b; and b,;, are defined in detail in [9]. As far as the
constitutive relation is concerned, linear elastic structures are considered in this work.
Consequently, the constitutive relation reads as:

0% = Cke¥ (5)

where C¥ is the material elastic matrix of the k-th layer, whose explicit form can be found in [5].
In this study, the 3D Hashin failure criterion [10] is employed to assess material failure. This
criterion identifies the predominant failure mode at the ply level based on the local stress state.
Four distinct failure indices are considered: Fiber Tension (FT), Fiber Compression (FC), Matrix
Tension (MT), and Matrix Compression (MC).

Numerical results

The analysed tape spring has a length of L = 577 (mm), a thickness of t = 80 (im), a radius of r =
11.25 (mm), and a subtended angle of & = 90°, see Fig. 1. The structure is simply supported and
subjected to two applied moments at its ends. The boom consists of three layers made of Carbon
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Fiber (CF) and Glass Fiber Plain Weave (GFPW), as shown in Fig. 1 and detailed in Tables 1 and
2, [11]. Its stacking sequence is [+45GFPW/0CF/+45GFPW]°.

Figure 1: Geometrical details and stacking sequence of the tape-spring boom.

Table 1: Material characteristics of the tape-spring.

Ei(GPa) Ey(GPa) Gia(GPa) vy,(-) t(um)
CF 128 6.5 7.6 0.32
GFPW 238 23.8 3.3 0.17

Table 2: Strength parameters for CF and GFPW in the tape-spring. Values in (MPa).

XT XC YT YC SXY SXZ SXZ
CF 2700 1650 55 225 100 100 3226
GFPW 45237  312.37 45237  312.69 69.76  69.76  44.83

The structural model developed within CUF framework discretizes the cross-section into 30 L9
subdomains, enabling a piecewise parabolic approximation of the cross-sectional displacement
field. Along the beam axis, two linear and eighteen cubic finite elements are employed, resulting
in a total of 25,137 degrees of freedom (DOFs).

Figure 2 shows the equilibrium curve as a function of the angle 8, with the definitions of 8 and
the moment M provided for completeness. Point C (at 8 = 6.8°) marks the equilibrium state where
the MC failure index reaches a critical value. A detailed distribution of the MC failure index at the
equilibrium configuration C is provided in Fig. 3 (a). The plot clearly illustrates the variation of
each failure index across the laminate’s thickness at the mid-span. Fig. 3 (b) makes a comparison
between configurations C and D.

Finally, Table 3 summarizes the maximum values of the four failure indices at the location of
peak stress concentration for equilibrium states A, B, C, and D (see Fig. 2), along with their
corresponding angles 6. All four failure indices reach their maximum values at the mid-span
section, even though at distinct locations through the thickness. Specifically, the critical points for
FT, MT, and MC are located within the GFWP layers, whereas the critical point for FC lies in the
CF layer.
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Figure 2: Equilibrium curve for the tape-spring boom.
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Figure 3: Failure indices for the equilibrium states C and D.

The results indicate that the structure may be susceptible to damage initiation even at relatively
low angles of deformation. Among the considered failure indices, FT and FC, and MT are the least
critical, whereas MC is significantly higher. The MC index, in particular, exhibits the most severe
values, confirming it as the dominant failure mechanism. This analysis further reveals that the
GFWP layers are the most prone to damage. Notably, the critical values for MC are reached during
the nonlinear regime of the structural response.

1213



CEAS - AIDAA Conference 2025 Materials Research Forum LLC

Materials Research Proceedings 69 (2026) 1210-1214 https://doi.org/10.21741/9781644904251-208

Table 3: Failure indices for equilibrium points A, B, C, and D. (The locations are given in mm).

Configuration  6[°] FT FC MT MC
(-0.0125,L/2,0) (-3.51,L/2,-8.34) (-4.22,1/2,8.94)  (-0.0125,L/2,-8.37)
A 2.7 0.000 0.000 0.010 0.16
B 4.7 0.002 0.000 0.026 0.44
C 6.8 0.006 0.002 0.031 1.03
D 9.9 0.009 0.002 0.050 1.69
Conclusions

This work has investigated the nonlinear behaviour of a tape-spring boom using a one-dimensional
CUF framework. The Hashin 3D failure criterion was employed to assess the structure’s failure
state at various equilibrium points. It is important to note that the current model assumes a pristine,
linear-elastic material response and does not incorporate damage progression. This simplification,
the results clearly identify the mid-span region as the most critical area. Furthermore, the GFRP
layers are identified as the most susceptible to damage initiation. Future work will focus on
extending this analysis to include progressive failure modelling to accurately simulate damage
initiation and evolution.
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