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Abstract. In addressing the issue of continuous damage evolution and failure prediction in 
composite pressure vessels, this paper combines the three-dimensional Hashin criterion with the 
equivalent displacement method to develop a static damage identification and progressive 
evolution model capable of accurately simulating material stiffness degradation under complex 
loading conditions. To validate the proposed model, carbon fiber/epoxy composite pressure 
vessels were used as the research subject. The UMAT subroutine, coupled with the Wound 
Composite Model (WCM) plugin, was employed to transform the principal material properties 
into off-axis properties and to establish the static damage identification and progressive evolution 
model for composite pressure vessels. Simulation results indicate that the vessel enters an initial 
damage state at an internal pressure of 62 MPa, with damage continuously evolving as the internal 
pressure increases, ultimately resulting in complete failure at 73.4 MPa. This model effectively 
simulates the entire process of damage initiation, propagation, and ultimate failure under internal 
pressure loading.  
Keywords: composite pressure, progressive failure, damage evolution, dynamic analysis of fiber 
winding angle. 

1. Introduction 

Composite pressure vessels have been widely used in aerospace, energy, and other fields due 
to their high specific strength, lightweight nature, and excellent corrosion resistance. Their internal 
damage evolution exhibits multiscale characteristics-such as micro-crack initiation, fiber 
breakage, and matrix fracture-that directly impact structural safety and design optimization. 

Traditional three-dimensional progressive failure models, such as the strength reduction 
degradation model proposed by Camanho and Matthews [1], reduce the failure modes for fiber 
tension, compression, and matrix tension, compression through different parameters. Although 
these models can effectively predict failure and ensure convergence in finite element analyses, 
they do not accurately capture the true damage evolution process in composite materials. 

To address this limitation, this paper develops a static damage identification and progressive 
evolution model based on continuum damage mechanics. Implemented via a UMAT subroutine, 
the model adopts the three-dimensional Hashin criterion as the damage initiation standard and 
integrates the equivalent displacement method to simulate the entire damage evolution process. 
This approach provides a robust theoretical foundation and a practical tool for the static 
performance analysis, optimization design, and safety assessment of carbon fiber/epoxy 
composite pressure vessels. 

2. Mathematical model 

2.1. Theoretical fundamentals of composite material mechanics 

The carbon fiber winding layer is composed of carbon fibers and a resin matrix, exhibiting 
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significant anisotropy. The constitutive equation is used to represent the stress–strain relationship 
of the material under external loads, thereby enabling the prediction of stress distribution, 
deformation, and failure mechanisms. In the stress calculation and strength verification of the 
winding layer, the overall stiffness distribution must first be determined. The principal material 
parameters are converted into off-axis parameters using the windangle function provided by the 
WCM plugin [2] (as shown in Fig. 1, where 𝑋 and 𝑌 denote the off-axis directions and 𝜃 
represents the angle between the 𝑋-axis and direction 1). This conversion is then used to compute 
the constitutive equation, thus providing a more accurate description of the mechanical 
characteristics of the winding layer [3]. 

 
Fig. 1. Schematic diagram of the transformation between off-axis and principal axes 

The transformation relationship for principal stress and strain is: 

⎝⎜⎜
⎛𝜎ଵ𝜎ଶ𝜎ଷ𝜏ଶଷ𝜏ଷଵ𝜏ଵଶ⎠⎟

⎟⎞ ൌ
⎝⎜
⎜⎛
𝐶ଵଵ 𝐶ଵଶ 𝐶ଵଷ 0 0 0𝐶21 𝐶ଶଶ 𝐶ଶଷ 0 0 0𝐶ଷଵ 𝐶ଷଶ 𝐶ଷଷ 0 0 00 0 0 𝐶ସସ 0 00 0 0 0 𝐶ହହ 00 0 0 0 0 𝐶଺଺⎠⎟

⎟⎞
⎝⎜⎜
⎛ 𝜀ଵ𝜀ଶ𝜀ଷ𝛾ଶଷ𝛾ଷଵ𝛾ଵଶ⎠⎟

⎟⎞. (1)

The transformation relationship for off-axis stress and strain [3] is given by ： 

൭ 𝜎௫𝜎௬𝜏௫௬൱ ൌ ሾ𝑇ఙሿିଵሾ𝑄ሿሾ𝑇ఌሿ ൭ 𝜀௫𝜀௬𝛾௫௬൱ ൌ ቌ𝑄തଵଵ 𝑄തଵଶ 𝑄തଵ଺𝑄തଶଵ 𝑄തଶଶ 𝑄തଶ଺𝑄ത଺ଵ 𝑄ത଺ଶ 𝑄ത଺଺ቍ൭
𝜀௫𝜀௬𝛾௫௬൱, (2)

ሾ𝑇ఙሿ ൌ ൭ 𝑚ଶ 𝑛ଶ 2𝑚𝑛𝑛ଶ 𝑚ଶ −2𝑚𝑛−𝑚𝑛 𝑚𝑛 𝑚ଶ − 𝑛ଶ൱ ,    ሾ𝑇ఌሿ ൌ ൭ 𝑚ଶ 𝑛ଶ 𝑚𝑛𝑛ଶ 𝑚ଶ −𝑚𝑛−2𝑚𝑛 2𝑚𝑛 𝑚ଶ − 𝑛ଶ൱, (3)

where:𝑚 ൌ cosሺ𝜃ሻ, 𝑛 ൌ sinሺ𝜃ሻ, ሾ𝑄ሿ is the material’s principal stiffness matrix. 

2.2. Damage initiation criterion 

The carbon fiber composite layer is the primary load-bearing component of the pressure vessel, 
and its damage model can be divided into intra-laminar damage (such as failure of fibers and 
matrix under tension or compression) and interlaminar damage. In the analysis, composite 
materials can be simplified as orthotropic materials to focus on overall structural failure while 
neglecting internal damage. In 1980, Japanese scholars proposed the Hashin criterion as an 
empirical method, treating composite materials as a multi-layer assembly and considering multiple 
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failure modes, including fiber breakage, matrix failure, and shear failure [5]. 
Fiber Tension (𝜎ଵଵ ≥ 0): 

𝑓௙௧ = ൬ 𝜎ଵଵ𝑆ଵଵ்൰ଶ + ൬𝜎ଵଶ𝑆ଵଶ൰ଶ + ൬𝜎ଵଷ𝑆ଵଷ൰ଶ. (4)

Fiber Compression (𝜎ଵଵ < 0): 

𝑓௙௖ = ൬ 𝜎ଵଵ𝑆ଵଵ஼൰ଶ. (5)

Matrix Tension (𝜎ଶଶ + 𝜎ଷଷ ≥ 0): 

𝑓௠௧ = ൬𝜎ଶଶ + 𝜎ଷଷ𝑆ଶଶ் ൰ଶ + ൬𝜎ଵଶ𝑆ଵଶ൰ଶ + ൬𝜎ଵଷ𝑆ଵଷ൰ଶ + 𝜎ଶଷଶ − 𝜎ଶଶ𝜎ଷଷ𝑆ଶଷ . (6)

Matrix Compression (𝜎ଶଶ + 𝜎ଷଷ < 0): 

𝑓௠௖ = ൬𝜎ଶଶ + 𝜎ଷଷ𝑆ଶଶ஼ ൰ଶ. (7)

2.3. Damage evolution criterion 

After damage initiation, a progressive stiffness degradation model based on the studies by 
Lapczyk [5] and Fang [6] is employed in conjunction with Murakami’s damage theory [7] to 
analyze the evolution of damage. In this model, independent damage variables are defined for 
each failure mode, and the material degradation process is characterized by a continuous reduction 
in stiffness. For each failure mode, the damage variable can be expressed as: 

𝑑௜ = 𝛿ଵ,௘௤௙ (𝛿ଵ,௘௤ − 𝛿ଵ,௘௤଴ )𝛿ଵ,௘௤(𝛿ଵ,௘௤௙ − 𝛿ଵ,௘௤଴ ) ,    𝑖 = 𝑓𝑡, 𝑓𝑐,𝑚𝑡,𝑚𝑐, (8)

where 𝛿ଵ,௘௤௙  is the equivalent displacement at final failure, 𝛿ଵ,௘௤଴  is the equivalent displacement at 
damage initiation, and 𝛿ଵ,௘௤ current is the equivalent displacement at the current analysis step. 

2.4. Construction of the static damage identification and progressive evolution model based 
on the three-dimensional Hashin criterion and equivalent displacement method 

The static damage identification and progressive evolution model developed in this study is 
implemented in three stages. First, a mapping relationship between the finite element and the 
windangle data is established, and the material parameters in the principal direction are converted 
into off-axis parameters to compute the constitutive equation. Next, the stress is calculated using 
the constitutive equation, and damage indices such as fiber tension are computed based on the 
three-dimensional Hashin criterion. When any one of these indices reaches the critical value of 1, 
the material is considered to have entered the initial stage of damage evolution. Finally, during the 
evolution phase, the damage coefficient is calculated using the equivalent displacement method, 
and a damage matrix 𝐷 is constructed to achieve a gradual degradation of the winding layer’s 
stiffness, thereby fully describing the entire process of the composite material transitioning from 
an undamaged to a damaged state: 
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𝑑௙ = 1 − ൫1 − 𝑑௙௧൯൫1 − 𝑑௙௖൯,𝑑௠ = 1 − (1 − 𝑑௠௧)(1 − 𝑑௠௖),𝜎௘ = 𝐶𝜎 = 𝐷𝐶଴𝜀.  (9)

3. Finite element modeling 

To validate the theoretical accuracy, this study employed the liner structural data and winding 
layer layup scheme proposed by Zuo Qian in [10]. By integrating the geometric features of the 
gas cylinder with the WCM plugin, a 1/36 model of the composite pressure vessel was constructed 
using C3D8R solid elements. The WCM (Wound Composite Modeler plug-in) is a specialized 
fiber-winding composite material modeling tool developed by Dassault Systèmes on the 
ABAQUS platform. 

 
Fig. 2. Inner liner dimensions  

of the pressure vessel [9] 

 
Fig. 3. WCM lamination scheme 

The aluminum liner is made of 6061 aluminum alloy. The carbon fiber composite layer is the 
final product obtained by wet winding T700 carbon fibers with epoxy resin followed by a curing 
process. The material properties of the T700/M21 carbon fiber composite layer used in this study 
are provided in Table 1. 

Table 1. Material properties of the T700/M21 composite layer 
Properties Values 

Density (Kg/m3) 1600 
Elastic modulus (GPa) 𝐸ଵଵ = 45.68, 𝐸ଶଶ = 𝐸ଷଷ = 10.68 
Shear modulus (GPa) 𝐺ଶଷ = 3.7, 𝐺ଵଶ = 𝐺ଵଷ = 4.25 

Poisson’s ratio 𝑉ଶଷ = 0.29, 𝑉ଵଶ = 𝑉ଵଷ = 0.33 

Strength (MPa) 
𝑋் = 2080, 𝑋஼ = 1250, 𝑌 = 60, 𝑌஼ = 140, 𝑆ଵଶ = 𝑆ଵଷ = 𝑆ଶଷ = 110 
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4. Finite element analysis of the progressive damage model for composite pressure vessels 

On the ABAQUS/Standard platform, a static progressive damage model for the composite 
layer was developed using a UMAT subroutine programmed in FORTRAN. Based on the 1/36 
model structure, cyclic symmetry, tie constraints, circumferential symmetry constraints, and a 
uniformly distributed pressure load on the liner wall were applied. Fig. 4 illustrates the numerical 
implementation process of this model. 

4.1. Damage process analysis 

A stepwise loading approach with increments of 1 MPa was used to simulate over-designed 
burst conditions: initial damage occurs when the internal pressure reaches 62 MPa, with the 
damage coefficient increasing nonlinearly from zero as the pressure rises; when the pressure 
increases to 73.4 MPa, the damage coefficient reaches 1, indicating complete structural failure. 
Fig. 6 illustrates the trend of the damage variable as a function of internal pressure. 

 
Fig. 4. Flowchart of the computational process 

   
Fig. 5. Damage evolution process of the pressure vessel under high-intensity loading 
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Fig. 6. Damage variable trend graph 

4.2. Ultimate burst pressure prediction 

Numerical simulations indicate that the vessel experiences complete failure at an internal 
pressure of 73.4 MPa, with the failure primarily concentrated in the head region. The simulation 
results are in excellent agreement with experimental data, thereby verifying the accuracy of the 
model. 

 
Fig. 7. Failure location prediction 

5. Conclusions 

This study developed a static damage identification and progressive evolution model that 
elucidates the damage evolution mechanism of carbon fiber/epoxy composite pressure vessels 
under internal pressure. The findings reveal that, due to stress concentration, the head section 
becomes the initial region of failure, and the fiber winding angle plays a crucial role in regulating 
the damage propagation path and overall vessel strength. Optimizing the winding angle can 
effectively delay damage accumulation and enhance the load-bearing capacity. 
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