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_________________________________________________________________________ 

Abstract 

In this work, damage and failure in carbon fiber reinforced epoxy filament wound composite 

tubes were thoroughly evaluated through a proposed damage model, which is able to identify 

different failure modes. Moreover, a non-linear finite element model based on the arc length 

method was developed. The tubes were manufactured via dry-filament winding using T700 

towpregs, and subjected to external pressure tests to evaluate computational analyses. 

Numerical results indicated that the tubes with a diameter-to-thickness ratio (d/t) lower than 

20:1 fail by buckling, whereas the tube [90±5512/90], which has a higher d/t ratio presented 

failure primarily driven by in-plane shear, with delaminations. These results were compared 

with experimental tests, and relative differences in external pressure strengths were lower 

than 8.4%. The developed model presented a low computational cost and a very good 
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agreement with experimental results, being very attractive to both academic and industrial 

sectors. 

 

Keywords: Failure analyses; Buckling; Damage model; Finite element analysis; Filament 

winding. 

_________________________________________________________________________ 

1. Introduction 

Laminated curved structures are increasingly being used as load-bearing parts in 

several fields, such as aeronautic, aerospace and marine, mainly due to their outstanding 

mechanical properties, namely high strength and stiffness, low weight, and low susceptibility 

to corrosion. Especially in the marine field, the development of subsea tools for inspection 

of pipelines and other equipment currently faces a technological bottleneck regarding design 

of small pressure vessels for ultra-high depths [1]. This limitation is related to the need for 

adapting ever larger and heavier components, such as phased array ultrasonic systems and 

X-ray tubes. These equipment are used in remote operation vehicle (ROV) to monitor risers, 

which present a limitation in payload of about 150 kg (in water). Thus, there is a demand to 

develop ultra-light structures with high external pressure strength and also free from 

corrosion in the marine environment [2], which sometimes can be achieved with composite 

structures. 

For an efficient design of composite tubes under complex loadings, it is essential to 

study their overall mechanical response and failure by incorporating geometric nonlinearities 

and damage initiation/evolution into the analysis [3]. Consequently, these composites present 

a nonlinear behavior and their failure is a consequence of a series of events. This typically 
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occurs with composite tubular structures under compressive loading [4], and comprehensive 

modeling and manufacturing allows a better understanding of their behavior. 

Among the manufacturing processes available for tubular composite structures, 

filament winding (FW) stands out due to factors like high accuracy in fiber positioning, high 

fiber volume fraction, low void content and process automation [5]. These tubes normally 

suffer compressive-dominant loading (e.g. water external pressure). As this load gradually 

increases, the structure starts to deform stably and, when the load achieves a critical value, 

equilibrium ceases and instability may occur. Buckling occurs when the tube suddenly 

deflects unstably and loses its capacity to resist loading. This phenomenon can be identified 

when the pressure–displacement curve presents a sharp drop after buckling, which is called 

unstable buckling [6]. 

Different researchers have investigated this phenomenon [7,8,9]. For instance, 

Messager et al. [10] studied compressive-dominant loadings on shell composite structures. 

They concluded that the most significant load is the ultimate one, which may be reached 

either when the structure collapses or when the material fails plastically. These equilibrium 

configurations strongly differ, and the transition from well behaved to buckled occurs 

extremely suddenly. This renders the structure unsafe for continuous usage as shown by 

Yeder et al. [11]. Besides, Messager [10] numerically studied buckling in filament wound 

cylindrical shells under external pressure with various stacking sequences and stated that 

cylinders with induced imperfections show lower buckling loads. Moon et al. [12] evaluated 

the buckling behavior of carbon/epoxy composite cylinders under external pressure, and 

reported maximum buckling pressure for a thick cylinder wound at ±60°. White et al. [13] 

analyzed post-buckling of variable-stiffness composite cylinders in axial compression, and 
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Tafreshi [14] investigated delamination buckling and post-buckling in composite cylindrical 

shells under combined axial compression and external pressure.  

Based on last two papers, composite tubes with a sufficiently thin-wall shell fail due 

to either global or local buckling under compressive loadings. In fact, it is shown that relevant 

radial and/or axial displacements are followed by global buckling and, after that, by structural 

collapse. However, accurate prediction of the collapse load level is quite difficult to be 

achieved, especially when compared to well-behaved structures, such as beams and plates. 

There are many works focusing on predicting the collapse load of composite structures. For 

example, Ferreira [15] developed a finite element model for evaluating buckling of composite 

shells by using the arc length method and layered formulation of Marguerre shell element. 

The load-displacement curve and buckling load for different stacking sequences were 

determined. Nevertheless, it is not so common to find literature on numerical models to 

predict the behavior of composite tubes under external pressure [16,17], especially 

considering buckling and post-buckling phenomena [18,19]. 

In this context, this work deals with the development of numerical models to predict 

the mechanical response of carbon/epoxy filament wound composite tubes under hydrostatic 

external pressure. A geometrically non-linear analysis based on a modified arc length method 

was used to predict buckling load, in comparison to experimental results, and a damage 

model was developed to evaluate gradual stiffness degradation of the laminate and failure of 

the structure. 

 

2. Damage model 

In order to evaluate the progressive failure of the composite tubes, a damage model 
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based on the work of Ribeiro et al. [20] was developed, being slightly modified for the 

material and geometry herein used. The model regards the composite lamina as under plane 

stress state and damage is considered uniform throughout the laminate thickness [21]. 

 

2.1 Fiber failure modeling 

A unidirectional carbon/epoxy composite laminate under tensile loading in the fiber 

direction (𝜎11) is linear elastic with brittle fracture. The model assumes that the fiber behavior 

is not influenced by damage in the matrix. Thus, for tensile load in the fiber direction, the 

maximum stress criterion is used to identify fiber failure 
𝜎11

𝑋𝑡
≤ 1, where Xt is the tensile 

strength in the fiber direction. 

After failure, the parameter damage in fiber direction (d1) is set to be “1”. There is no 

evolution of d1, i.e. it represents the catastrophic failure of the carbon fiber. To avoid possible 

localization issues, the degradation of properties is calculated in the “i” step, being applied 

into the “i + 1” step, which improves the convergence process. This strategy requires 

controlling the time step in order to limit the increment size between the last step (calculation 

of the damage) and the next step (application of the damage). Thus, a parametric step-size 

sensitivity analysis is carried out in the model to enable consistent numerical results. 

The fiber behavior under compressive longitudinal load is set to be linear elastic until 

a specified value and, after that, non-linear elastic. The linear to non-linear elastic limit (XC0) 

is then used to represent the compressive failure, as 
|𝜎11|

𝑋𝐶0
≤ 1. After |𝜎11| ≥ 𝑋𝐶0, any increase 

in the compressive load in fiber direction results in non-linear elastic stress–strain behavior, 

which is simulated using a secant modulus as can be seen in Eq. 1: 
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𝐸11 =
𝑋𝐶0

|𝜀11|
(1 − ℎ(𝜀11)) + ℎ(𝜀11)𝐸110

    (1) 

where ℎ(𝜀11) is obtained from the fitting of stress-strain plots for 0° specimens under 

compressive loading, 𝜀11 is the strain in the longitudinal direction and 𝐸110
 is the initial 

elastic modulus for 0° specimens under compressive loading. 

 

2.2 Matrix failure modeling 

In a filament wound laminate, damage in the matrix is essentially dominated by 

transverse loading (𝜎22) and shear loading (𝜎12). A non-linear behavior of the matrix is 

reported due to inelastic strains and matrix damage [22]. To model this damage, two internal 

damage parameters, d2 (related to 𝜎22) and d6 (related to 𝜎12), were used. Based on 

continuous damage mechanics, the hypothesis of effective stress links damage parameters to 

stresses [21], as shown in Eq. 2: 

{

�̂�11

�̂�22

�̂�12

} =

[
 
 
 
 
1

1 − 𝑑1
⁄ 0 0

0 1
1 − 𝑑2

⁄ 0

0 0 1
1 − 𝑑6

⁄ ]
 
 
 
 

{

𝜎11

𝜎22

𝜎12

}   (2) 

where the �̂�𝑖𝑗  terms are the effective stress tensors. 

According to Ribeiro et al. [20], the damage strain energy density can be written as a 

function of effective stresses considering only for matrix phase stresses, as shown in Eq. 3: 

𝐸𝐷 =
1

2
[

〈𝜎22
2 〉+

𝐸220
(1−𝑑2)

+
〈𝜎22

2 〉−

𝐸220

+
|𝜎12

2 |

𝐺120(1−𝑑6)
]    (3) 

where 〈𝜎22
2 〉+ = 𝜎22

2  if 𝜎22
2 > 0, or, 〈𝜎22

2 〉+ = 0 if 𝜎22
2 < 0. Similarly, 〈𝜎22

2 〉− = −𝜎22
2  if 𝜎22

2 <

0, or, 〈𝜎22
2 〉− = 0 if 𝜎22

2 > 0. 
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Ladeveze and LeDantec [23] introduced two thermodynamic forces into their model, 

which correlate damage parameters with strain energy density (ED), described in Eq. 4 and 

Eq. 5: 

𝑌2 =
𝜕𝐸𝐷

𝜕𝑑2
=

〈𝜎22
2 〉+

2𝐸220
(1−𝑑2)2

     (4) 

𝑌6 =
𝜕𝐸𝐷

𝜕𝑑6
=

〈𝜎12
2 〉+

2𝐺120
(1−𝑑6)2

     (5) 

Damage initiation in a composite can be identified based on the degradation of 

materials properties. The model regards that the damage process starts when the stress vs. 

strain curves of cyclic quasi-static tests are no longer linear. 

Furthermore, an adjustment of the Poisson’s coefficient was introduced to take into 

account the effect of damage. Using CDM formulation performed by Matzenmiller et al. 

[24], the compliance tensor (Eq. 6) becomes: 

𝐷 =
1

𝐾
[

(1 − 𝑑1)𝐸11 (1 − 𝑑1)(1 − 𝑑2)𝜈21𝐸22 0
(1 − 𝑑1)(1 − 𝑑2)𝜈12𝐸11 (1 − 𝑑2)𝐸22 0

0 0 𝐾(1 − 𝑑6)𝐺12

] (6) 

where 𝐾 = (1 − (1 − 𝑑1)(1 − 𝑑2)𝜈12𝜈21. To avoid material self-healing, the maximum 

value of the damage parameters (d1, d2 and d6) is assumed to be “0.99” throughout the 

simulation [21]. 

 

3. Composite tubes: Real structure vs. Finite element modeling 

The original dimensions of the composite tubes are: length (l) of 381 mm, radius (r) 

of 68 mm and lamina thickness (tl) of 0.6 mm (where the exact tl value varies with the 

winding angle). Towpregs from TCR Composites based on Toray T700-12K-50C carbon 
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fiber and UF3369 epoxy resin system were used. A 1020 steel cylindrical mandrel with 381 

mm length and 136 mm diameter was used to manufacture the tubes. The filament winding 

process was carried out using a KUKA robot KR 140 L100 with MFTech’s control and 

peripheral devices. After winding (Figure 1), a polyester-based shrink tape (from Dunstone 

Company) wraps the laminate and helps compaction during curing and the elimination of 

voids. The system (mandrel and composite) was, then, cured in an oven with air circulation 

at 105 °C for 24 h. After that, the system is cooled at room temperature, and the mandrel is 

later unscrewed to extract the composite tube. 

<< Insert Figure 1 >> 

The composite tubes were tested under external hydrostatic pressure in a hyperbaric 

testing chamber (Figure 2) at Cenpes/Petrobras (Brazil). The composite tubes were coupled 

to two aluminum flanges with two O-rings in each flange for gasket. Water was pumped into 

the chamber and the rate of pressure increase was kept constant at 5 bar/min. 

<< Insert Figure 2 >> 

The structure was modeled by using S4R shell elements with three integration points 

in each layer and hourglass control. Figure 3 depicts the typical mesh used for all simulations, 

which was chosen after preliminary mesh sensitivity analysis. The selected mesh density has 

a good balance between computational cost and accuracy of results. Regarding boundary 

conditions, the axial displacement (in z-direction) of both flange areas was restricted, aiming 

to represent the experiment. Pressure on the flange areas was taken into account, and a 

hydrostatic pressure load was applied on the external surface of the tube. 

In order to predict unstable phenomenon, a non-linear buckling analysis was 

performed by using a quasi-static method, which accounts for material and geometric 
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nonlinearities, as well as load perturbations and/or geometric imperfections. Therefore, 

modified Riks algorithm [25,26], which considers a single equilibrium path in a space defined 

by displacement and applied load, was used. 

<< Insert Figure 3 >> 

In order to predict material failure, the proposed damage model was compiled as a 

UMAT (User Material Subroutine) and linked to Abaqus™. The material properties of the 

carbon/epoxy laminates were experimentally measured [27] and compiled in Table 1. 

<< Insert Table 1 >> 

 The damage model parameters were determined by tensile, compressive and shear 

standard tests, as well as some additional off-axis experimental tests, which were reported in 

a previous work of the group [28,29]. Herakovich [21] performed a deep discussion about 

off-axis tests and concluded that aspect ratio and lamina orientation of the specimen have a 

significant influence on shear stress component. Hence, the off-axis properties for the current 

damage model were obtained following his recommendations. 

 It is important to highlight that the computational model does not consider initial 

imperfections, because the damage model simulates onset and progressive failures. Thus, 

material imperfections appear naturally as a function of the progressive failure and, 

consequently, damage does not occur homogeneously throughout the computational model 

surface like in the real structure. Another issue is that independently of the damage model, 

the cylindrical structure itself has a snap through condition in the carried out numerical 

analysis. 
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Three stacking sequences for the composite tubes were studied, by varying the 

number of non-geodesic layers of ±55° winding angle between 90° hoop layers, i.e. 

[90/±554/90], [90/±558/90] and [90/±5512/90]. 

 

4. Results and discussion 

Figure 4 presents a plot of the applied external pressure in function of the arc length. 

The Riks analysis shows that the [90/±554/90] specimen presents geometrical instability 

under low pressures, indicating initial buckling at 8 bar. After initial buckling, the curve 

shows slightly non-linear behavior up to the final buckling pressure, which is noticed at 44 

bar. The [90/±558/90] specimen shows linear response up to 131 bar, when buckling takes 

place. The specimen still supports loading in the 131-151 bar range, as shown in Figure 5, 

followed by a collapse due to buckling around 159 bar. On the other hand, the [90/±5512/90] 

tube has a linear response up to the maximum pressure applied in the simulation, showing no 

buckling. 

The final external pressure strength for the tubes is dependent on a number of factors, 

such as diameter-thickness ratio (d/t), absolute value of wall thickness, strength of the epoxy 

resin, and stacking sequence of the laminate. Considering the tubes herein analyzed, and 

based mainly on their d/t ratio, the tube with higher thickness can be considered as a thick-

walled structure, whereas the others can be considered as thin-walled structure. The finite 

element analysis predicted that thin-walled tubes would fail by buckling, and only the 

thickest one showed material failure, which was confirmed by the hydrostatic external 

pressure testing of the composite tubes, which failed due to buckling and/or material failure. 
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<< Insert Figure 4 >> 

In fact, for radial loading conditions, with the increase in winding angle, the direction 

of fiber alignment becomes closer to the loading direction, i.e. closer to 90°, and the tube 

strength should increase. However, by increasing the angle, strength in the axial direction 

decreases. The winding angle of 54.75° combines these two requirements in an optimum 

way, as analytically proven in [30,31,32]. 

 Figure 5 presents the hoop displacement at the central region of the tubes. The final 

deformed shape is quite similar for all analyzed tubes since the flanges restrict axial 

displacement. In addition, the absence of a sudden drop in the pressure vs. displacement 

curves for the [90/±5512/90] tube confirms that this cylinder did not show buckling. 

As previously mentioned in the damage model, the progressive failure analysis is very 

step-size-dependent. A mesh with 1672 elements and 1716 nodes was selected (Figure 3) 

because more refined mesh did not significantly change the results. Besides, a maximum 

increment size of 5% was used throughout the simulation. 

<< Insert Figure 5 >> 

 Table 2 presents the normal stress value, when damage starts, in the fiber axial 

direction (SDV11), in the fiber transverse direction (SDV22) and shear stress value in plane 1-

2 (SDV12). Also, the ultimate values for stresses and strains obtained for the innermost ply. 

As expected, for all tubes, damage starts in the matrix due to transverse compression and 

tension, beyond contribution of in-plane shear. The thinnest tube fails quite instantaneously 

since damage starts at 40.0 bar, due to in-plane shear, and first damage in fiber direction 
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occurs at 44.3 bar. Considering last-ply failure criterion, the tube fails at 44.9 bar, as shown 

in Table 3. 

Damage in the [90/±558/90] tube occurs earlier than in the [90/±554/90], since the 

damages initiates at the matrix. However, damage magnitude is low even at very high 

pressure (99.2 bar). This structure presents damage in the matrix due to transverse tensile 

stress at 121.1 bar, and failure in the fiber direction at 150.8 bar. The thickest specimen also 

started to damage due to in-plane shear, even though the plies presented less damage. The 

compressive stresses, as expected, drove the behavior of all tubes subjected to external 

pressure, considering also the boundary conditions imposed by the flanges. 

<< Insert Table 2 >> 

 In order to analyze the progressive damage events in the thickness direction, Figure 

6 shows damaged plies up to 44.3 bar. These results are in agreement with Table 2, where 

damage starts in the matrix due to in-plane shear stress, evolving after that due to transverse 

compressive stress and, finally, a part of the structure fails in the fiber direction due to 

buckling. Failure in the tested tube occurred in agreement with numerical predictions, with 

failure close to the edges with an initial strong lobe, followed by others minor lobes caused 

by buckling. 

<< Insert Figure 6 >> 

For the [90/±558/90] tube (Figure 7), failure mode is quite similar to that of the tube 

with four non-geodesic layers, once it also failed by buckling as confirmed by visual analysis 

of the failed specimen. Although the progressive failure analysis indicated a maximum 

pressure higher than that predicted with the buckling analysis, the tube presented the same 
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buckling failure mode. These results are in accordance to the work published by Hernández-

Moreno et al. [32], who evaluated the external pressure strength of glass/epoxy filament 

wound tubes of similar thickness which also failed by buckling. 

<< Insert Figure 7 >> 

The thickest tube, with d/t ratio lower than 20:1, was the only one that did not present 

evidences of buckling. The damage evolution of this tube did not indicate fiber failure, since 

it failed in the matrix due to in-plane shear. Analysis of Figure 8 confirms that damage 

occurred by in-plane shear along the tube, especially close to the flanges, and the tested tube 

also presented material failure close to the flanges and delamination of the plies. The 

maximum shear stress was pointed in ply No. 6, highlighted in Figure 8. Perhaps 

delamination started in that ply and propagated throughout the thickness. This may be 

confirmed in future studies by using more powerful shell elements or 3D elements combined 

to a delamination criterion. 

<< Insert Figure 8 >> 

Table 3 shows different failure criteria and experimental results for failure pressure. 

The classic failure criteria, such as Tsai-Wu, Tsai-Hill, Hashin and Maximum Stress, 

predicted an implosion pressure lower than the experimental one. This was expected since 

the maximum pressure calculated by these criteria is determined by first ply failure. In 

addition, the predicted failure mode was the same in all of them, i.e. transverse matrix 

cracking induced by compressive stresses. 

<< Insert Table 3 >> 

 The progressive failure analysis (PFA) carried out with the proposed damage model 

yielded results closer to the experimental ones. The [90/±554/90] tube has an implosion 
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pressure of 44.9 bar by PFA and the tube failed around 49.0 bar, a variation of 8.4%. For the 

two other tubes, the relative difference was 1.1% and 0.5%.  

Progressive failure analysis shows that the composite tube is able to support loadings 

beyond the onset of fiber failure, as shown in Figure 9. This may be useful because less-

conservative safety factors for tubular composite structures can be adopted depending on the 

specific case, decreasing the final weight of the system. 

<< Insert Figure 9 >> 

 However, the PFA results should be analyzed in conjunction with buckling results in 

order to understand the history of events. The results presented in Table 3 show that both 

[90/±554/90] and [90/±558/90] tubes failed by buckling, prior to material failure, whereas the 

thickest tube did not present evidence of buckling (see Figure 5). These results can be 

correlated to the geometrical parameters of the tubes, since the tubes with 4, 8 and 12 ±55o 

layers have d/t ratio of 46, 28 and 19, respectively. Thus, only the last one was considered a 

thick-walled tube, being therefore more susceptible to buckling under unstable loading. The 

final deformed shapes of the tubes are presented in Figure 10. 

<< Insert Figure 10 >> 

 

5. Conclusions 

 This study investigated failure of carbon fiber reinforced epoxy filament wound 

composite tubes subjected to hydrostatic external pressure via numerical and experimental 

analyses. Finite element analysis through the arc length method and progressive failure 

analysis based on a proposed damage model have been used to predict external pressure 

strength for composite tubes with three distinct winding lay-ups. 
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 Numerical analyses predicted that the tubes with diameter:thickness ratio lower than 

20:1, i.e. [90/±554/90] and [90/±558/90], would fail by buckling, and the failure pressures 

were accurately estimated. In addition, the predicted pressure vs. displacement curve for the 

[90/±5512/90] tube did not show any evidence of buckling, which was confirmed by 

experimental tests. 

 Moreover, damage analyses presented very accurate results when compared to the 

experimental observations. Progressive failure analyses predicted failure due to buckling for 

the tubes with d/t > 20:1, and dominant failure by in-plane shear for the [90/±5512/90] 

specimen. These were also confirmed by the experimental results, once the tubes with 4 and 

eight ±55 layers presented various buckled regions and that with twelve ±55° layers showed 

delaminations. 
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