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Abstract. This study investigates how geometric parameters (particularly the length) influence the 
failure index of thin-walled composite deployable booms. The analysis is performed using a 1D 
refined finite-element model based on the Finite Element Method (FEM) and the Carrera Unified 
Formulation (CUF). In this model, the 3D displacement field is expanded across the cross-section 
with quadratic Lagrange polynomials (L9) and along the boom axis with cubic (B4) finite 
elements. Hashin’s failure criteria are used at each equilibrium state to compute Failure Index (FI), 
assuming a pristine linear-elastic material. Numerical results show that longer booms achieve 
larger tip rotations before activating FI, and that the first failure mode is consistently matrix 
compression (MC). The findings confirm that increasing boom length significantly alters the 
moment–rotation response, maximum achievable rotation, and damage initiation pattern, 
underlining the critical role of geometry. A progressive damage model is recommended for future 
work to capture post-initiation behavior. 
Introduction 
Lightweight deployable composite booms are key enabling components for space structures 
(antennas, solar arrays, telescopes, etc.) because they deliver high stiffness-to-mass ratio and can 
be stowed compactly. Common designs include tape-spring elements and TRAC (triangular 
rollable and collapsible) booms. However, their extreme slenderness and material anisotropy pose 
challenges: classical 3D finite-element models are accurate but computationally expensive for such 
thin-walled beams. Refined one-dimensional models using the Carrera Unified Formulation (CUF) 
[1,2] have proven effective for composite structures [3,4]. CUF allows arbitrary-order expansions 
of the displacement field across the cross-section, enabling high-order 1D elements that capture 
3D stress states. For example, a global/local CUF approach for deployable booms achieved 
accurate local stress fields with reduced cost [5].  

Geometric design parameters strongly affect the mechanical response of composite beams. 
Prior studies [5] highlight that variations in thickness, length, or cross-sectional shape significantly 
change load transmission and failure behavior in composite components. In the context of 
deployable booms, boom length and boundary conditions markedly influence bending stiffness 
and failure onset [6]. Here, the effect of length on the Failure Index (FI) of booms under bending 
is examined. The failure index is computed using the three-dimensional Hashin failure criteria for 
composites, and the influence of geometric variations on the point at which the FI exceeds 1 is 
identified. The adopted refined 1D CUF model provides a balance between accuracy and 
efficiency. 
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Methodology 
According to the CUF, the 3D displacement field can be expressed in the following unified form: 

𝒖𝒖(𝑥𝑥,𝑦𝑦, 𝑧𝑧) =  𝐹𝐹𝜏𝜏(𝑥𝑥, 𝑧𝑧)𝒖𝒖𝜏𝜏(𝑦𝑦), 𝜏𝜏 =  1, 2, . . . ,𝑀𝑀 

where 𝒖𝒖 is the displacement vector, whose components are defined with respect to the global reference 
system (𝑥𝑥,𝑦𝑦, 𝑧𝑧). The functions 𝐹𝐹𝜏𝜏(𝑥𝑥, 𝑧𝑧) are the cross-sectional expansion functions defined over the in-
plane coordinates (𝑥𝑥, 𝑧𝑧), 𝜏𝜏 is the summation index, and 𝑀𝑀 is the number of terms adopted in the cross-
sectional displacement expansion. In the present work, quadratic Lagrange polynomials (L9) are used 
to approximate the kinematic field over the cross-section. 
The displacement field along the beam axis is discretized by means of the Finite Element Method 
(FEM).  Accordingly, the generalized displacement vector 𝒖𝒖𝜏𝜏(𝑦𝑦) can be interpolated along the beam 
axis as: 

𝒖𝒖(𝑥𝑥,𝑦𝑦, 𝑧𝑧)  =  𝑁𝑁𝑖𝑖(𝑦𝑦)𝐹𝐹𝜏𝜏(𝑥𝑥, 𝑧𝑧)𝒖𝒖𝜏𝜏𝜏𝜏, 𝑖𝑖 =  1, 2, . . . ,𝑁𝑁𝑛𝑛 

where 𝑁𝑁𝑖𝑖(𝑦𝑦) is the 𝑖𝑖-th one-dimensional shape function, 𝑖𝑖 is the summation index, 𝑁𝑁𝑛𝑛 is the number of 
finite-element nodes per element, whereas 𝒖𝒖𝜏𝜏𝜏𝜏 is the vector of nodal unknowns associated with the 
cross-sectional expansion term 𝐹𝐹𝜏𝜏.  
The stress 𝝈𝝈 components are given in vectorial form as follows. 

𝝈𝝈 = �𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑦𝑦𝑦𝑦 𝜎𝜎𝑧𝑧𝑧𝑧 𝜎𝜎𝑦𝑦𝑦𝑦 𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑥𝑥𝑥𝑥�
𝑇𝑇
 

To assess material failure, the 3D Hashin failure criterion [7] is adopted. This criterion allows 
the identification of the dominant failure mode at the ply level on the basis of the  local stress state. 
Four different failure indices are considered, namely Fiber Tension (FT), Fiber Compression (FC), 
Matrix Tension (MT), and Matrix Compression (MC): 
 

FT: �𝜎𝜎11
𝑋𝑋𝑇𝑇
�
2

+ 𝜎𝜎122 +𝜎𝜎132

𝑆𝑆122
≥ 1 

FC: �𝜎𝜎11
𝑋𝑋𝐶𝐶
�
2
≥ 1 

MT: (𝜎𝜎22+𝜎𝜎23)2

𝑌𝑌𝑇𝑇
2 + 𝜎𝜎232 −𝜎𝜎22𝜎𝜎33

𝑆𝑆232
+ 𝜎𝜎122 +𝜎𝜎132

𝑆𝑆122
≥ 1 

MC: �� 𝑌𝑌𝐶𝐶
2𝑆𝑆23

� − 1� �𝜎𝜎22+𝜎𝜎33
𝑌𝑌𝐶𝐶

� + (𝜎𝜎22+𝜎𝜎13)2

4𝑆𝑆232
+ 𝜎𝜎232 −𝜎𝜎22𝜎𝜎33

𝑆𝑆232
+ 𝜎𝜎122 +𝜎𝜎132

𝑆𝑆122
≥ 1 

 
where 𝑋𝑋 represents the material strength in the fiber direction, and 𝑌𝑌 represents that of the transverse 
direction, with the subscripts 𝑇𝑇 and 𝐶𝐶 denoting tensile and compressive loading, respectively. 𝑆𝑆𝑖𝑖𝑖𝑖 
denotes the material shear strengths. 

Numerical Results 
The first numerical result regards the tape spring of Fig. 1, with t = 80 𝜇𝜇m, 𝑟𝑟 = 11.25 mm, and 𝛼𝛼 = 90°. 

 
Figure 1 – Considered tape spring. 
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The structure is simply supported at its edges and subjected to opposite moments to induce 
bending. Figure 1 shows the nonlinear static curves considering various lengths of the deployable. 

 
Figure 2 – Nonlinear curves varying the length of the analyzed tape spring. Circles indicate the 

point of first FI > 1. 
 

Several considerations can be made: 
- The longer the structure, the higher are the reached angle before any failure occurs;  
- The peak moment is around 145 Nmm for the 100 mm-long TAPE deployable boom. It then 

decreases as the boom length increases, reaching about 100 Nmm for lengths between 300 and 
700 mm. For longer booms, the peak moment increases again, almost reaching the same value as 
the 100 mm case in the 2500 mm case. 

 
In Fig. 2, red circles correspond to the first FI greater than 1. In all cases, the first active failure 

mode is MC (Matrix Compression). Figure 3 shows the deformed configuration of 1500 and 2500 
mm tape springs in correspondence of MC > 1. 

 
Figure 3 – Deformed configuration of MC > 1 for the tape spring study case. 1500mm left, 

2500mm right. 
 

The second study case is about the TRAC boom. The geometry of the cross-section is reported 
in Fig. 4, and w=8mm, r=12.7mm, 𝜃𝜃= 90°, t = 0.08mm. The stacking sequence is the same as for 
the tape spring. 
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Figure 4 – Geometry of the cross-section of the TRAC. 

The boundary and loading conditions are the same as in the previous analysis and the results 
are reported in Fig. 5, along with circles indicating the first FI > 0. 

 
Figure 5 – Nonlinear curves varying the length of the analyzed TRAC. Circles indicate the point 

of first FI > 1. 
Clearly, similar values for 300 and 500-mm-cases arise and convergence is met and the curves 

align with those available in the literature [8]. As the previous cases, the first FI to exceed the value 
of 1 is MC.  

Finally, Fig. 6 reports deformed the failing deformed configurations. The 2500 m buckles. 
 

 

 
Figure 6 – Deformed configuration of MC > 1 for the TRAC study case. 300mm top left, 500mm 

top right and 2500mm bottom. 
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Conclusions 
This parametric study highlights the significant role of geometry in deployable composite boom 
response. Boom length strongly influences the load–deflection behavior and failure onset. Longer 
booms exhibit greater flexibility and delay the onset of failure under the same end moments. 
Across all cases, matrix-compression was the first failure mode. The results confirm that careful 
geometric design (length, cross-section) is crucial for ensuring structural integrity of deployable 
booms. The CUF-based 1D modelling strategy proved effective for capturing these effects. Future 
work will implement progressive damage models to simulate post-initiation behavior under even 
larger loads. 
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