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___________________________________________________________________________ 

Abstract 

The focus of this study is the development of a computational model with damage to predict 

failure of carbon fiber/epoxy filament wound composite tubes under radial compressive 

loading. Numerical analysis is performed via Finite Element Method (FEM) with a damage 

model written as a UMAT (User Material Subroutine) and linked to commercial software. The 

experimental analysis carried out followed ASTM D2412-11, where the specimen is parallel-

loaded by two steel-based plates. Three stacking sequences have been evaluated. Both 

numerical and experimental results show that the presence of hoop layers at inner and outer 

layers plus ±75° non-geodesic layers gives maximum compressive load to the composite tube, 

since the reinforcement is wound closer to the loading direction. Moreover, failure modes are 

predominantly delaminations, which are confirmed via numerical analyses through high in-

plane shear stresses levels, and via experimental analyses through stereoscopic micrographs. 
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1. Introduction 

Cylindrical shells have numerous applications in aerospace, aeronautic and marine 

structures, such as in launch vehicle fuel tanks, fuselages and offshore structures. They have 

the ability to support high levels of axial and transverse compression loadings, where most of 

the structure is submitted to membrane loads, and its efficiency is derived from the lack of 

through-the-thickness stress gradients [1]. These structures are traditionally metallic-based, but 

the requirements for increasing the payload in such aeronautic and marine structures are 

motivating the use of polymeric composites, mainly due to their lack of corrosion and high 

stiffness and strength-to-weight ratios [2]. 

Among the composite manufacturing processes, filament winding (FW) stands out due to 

high precision in fiber positioning, high fiber content, good automation capability and low void 

content, being the most common process for manufacturing revolution and axisymmetric parts, 

such as pressure vessels and tubes [3]. When these structures suffer uniaxial or biaxial 

compression loads, the shell structure initially starts to deform stably, eventually reaching a 

critical point where equilibrium stops to be stable. Buckling occurs when the structure suddenly 

deflects unstably, losing its capacity to keep resisting the compressive loading [4]. 

Composite tubes may fail due to global or local buckling under compressive loadings, 

and they present two distinct behavior. The evolution of high radial displacements followed by 

global buckling and, consequently, collapse, or just a sudden collapse. The load prediction is 

much more difficult for composite structures than for metallic shells, beams and plates [5]. In 

addition, if the composite is sufficiently thick, the structure may fail due to material failure, 

thus avoiding buckling [6]. 
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Damage prediction is a key aspect in the designing of composite tubular structures. 

Continuum Damage Mechanics (CDM) has been applied with success to model failure in 

composite structures. For instance, Camanho et al. [7] used CDM to predict strength and size 

effects in notched carbon/epoxy open-hole specimens subjected to tensile loading. Su et al. [8] 

developed a model using CDM for the progressive damage in open-hole specimens under 

compressive loading. Liu and Zheng [9] developed an energy-based stiffness degradation CDM 

model to predict the progressive failure of pressure vessels considering three failure modes: 

fiber breakage, matrix cracking and fiber/matrix interface failure. 

An important parameter in the laminates is the stacking sequence, since each ply 

contributes to the global mechanical response. The effect of the winding sequence on the radial 

compressive behavior of composite tubes is significant. As shown by Melo [10], tensile strength 

and modulus can increase up to 20% just changing the stacking sequence in comparison to those 

laminates with the same ply angle throughout the laminate. The development of a computational 

model to simulate damage in filament wound composite tubes allows reducing costs and time-

consuming experimental tests in the development of products. 

There are many reports on the literature dealing with the compressive behavior of 

composite tubes under axial compression [11,12,13]. Faria and Guedes [14] and Guedes et al. 

[15] performed similar experimental ring deflection tests on glass fiber/polyester pipes focusing 

on long-term creep behavior. However, there are only few investigations on composite tubes 

under radial compression. Among them, Rafiee [16] evaluated the radial compressive behavior 

of FW tubes by means of experimental and theoretical approaches, and Tonatto et al. [17] 

performed an experimental and numerical assessment of the crushing behavior of offloading 

hoses. 

The number of damage models has increased, but failure prediction for composite 

structures is still a challenge, especially for tubular structures. Therefore, the present work 
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proposes to develop a computational model to predict damage initiation and evolution of carbon 

fiber/epoxy composite tubes manufactured by FW and subjected to radial compressive loading, 

and to compare the results to those from actual experiments. 

 

2. Damage model 

 Ribeiro et al. [18] developed a damage model based on CDM, which was slightly 

modified for the material and geometry herein used. The model considers the composite lamina 

under plane stress state and damage is considered uniform throughout the laminate thickness 

[19]. 

 

2.1 Fiber failure modeling 

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

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

behavior is not influenced by the damage state of the matrix. The maximum stress criterion is 

used to identify fiber failure: 

𝜎11

𝑋𝑡
≤ 1     (1) 

where Xt is the strength under tension in the fiber direction. 

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

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

localization issues, degradation of properties occurs at the end of each time step through Finite 

Element Method (FEM) solution. In addition, no degradation is allowed during each interaction 

to improve convergence. This strategy is required to control the time step in order to limit the 

element size between a particular step (calculation of the damage) and the following step 

(application of the damage). Thus, a parametric step-size sensitivity analysis in the FEM should 

be carried out to find best results. 
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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 in Eq. 2 to represent the compressive failure, as: 

|𝜎11|

𝑋𝐶0
≤ 1      (2) 

After |𝜎11| ≥ 𝑋𝐶0, the non-linear elastic stress–strain behavior is simulated using a 

secant modulus, as shown in Eq. 3: 

𝐸11 =
𝑋𝐶0

|𝜀11|
(1 − ℎ(𝜀11)) + ℎ(𝜀11)𝐸110

   (3) 

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 compression loading. 

 

2.2 Matrix failure modeling 

In a unidirectional filament wound laminate, the damage process in the matrix is 

essentially driven by transverse loading (𝜎22) and shear loading (𝜎12). A non-linear behavior in 

the matrix is reported due to inelastic strains and matrix damage [20], being the latter modeled 

using two internal damage variables, d2 (related to 𝜎22) and d6 (related to 𝜎12). Based on CDM, 

the hypothesis of effective stress links the damage variables with the stresses, and Eq. 4 gives 

this relationship: 

{

�̂�11

�̂�22

�̂�12

} =

[
 
 
 
 
1

1 − 𝑑1
⁄ 0 0

0 1
1 − 𝑑2

⁄ 0

0 0 1
1 − 𝑑6

⁄ ]
 
 
 
 

{

𝜎11

𝜎22

𝜎12

}    (4) 

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

According to Ribeiro et al. [6], the damage strain energy density can be described in 

function of effective stresses considering matrix phase stresses only, as shown in Eq. 5: 
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𝐸𝐷 =
1

2
[

〈𝜎22
2 〉+

𝐸220
(1−𝑑2)

+
〈𝜎22

2 〉−

𝐸220

+
|𝜎12

2 |

𝐺120(1−𝑑6)
]    (5) 

where 〈𝜎22
2 〉+ = 𝜎22

2  if 𝜎22
2 > 0, otherwise 〈𝜎22

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

2 〉− = −𝜎22
2  if 

𝜎22
2 < 0, otherwise 〈𝜎22

2 〉− = 0 if 𝜎22
2 > 0. 

Ladeveze and LeDantec [21] introduced two thermodynamic forces into their model, 

which relates damage variables with the strain energy density (ED), described in Eqs. 6 - 7: 

𝑌2 =
𝜕𝐸𝐷

𝜕𝑑2
=

〈𝜎22
2 〉+

2𝐸220
(1−𝑑2)2

     (6) 

𝑌6 =
𝜕𝐸𝐷

𝜕𝑑6
=

〈𝜎12
2 〉+

2𝐺120
(1−𝑑6)2

     (7) 

Damage initiation in a composite can be identified as being the onset of damage due to 

stress reversals and the accumulation of inelastic strain (indication of appearance of a crack), 

which is assessed by carrying out cyclic quasi-static tests. The model regards that the damage 

process starts when the stress vs. strain curve is no longer linear. 

Another characteristic of the present model is that it adjusts the Poisson’s coefficient to 

take into account damage. Using CDM formulation performed by Matzenmiller et al. [22], Eq. 

8 gives the stiffness tensor: 

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

] (8) 

where 𝐾 = (1 − (1 − 𝑑1)(1 − 𝑑2)𝜈12𝜈21). To prevent material self-healing effect, the damage 

parameters (d1, d2 and d6) are assumed the maximum calculated values along the simulation [6]. 

 

3. Computational models and experimental set-up 

Computational models were developed on Abaqus™ 6.14 software platform (Figure 1). 

The original dimensions of the tubes are: length (l) = 381 mm, inner radius (r) = 68 mm and 

lamina thickness (tl) ≈ 0.6 mm. It is important to highlight that this thickness value is for ±φ 
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winding plies. The composite structure was modeled by using S4R homogeneous reduced 

integration shell elements with three integration points per layer thickness and hourglass control 

(Figure 1a). The rigid compressive plates were modeled as linear quadrilateral elements of 

R3D4 type. The cylindrical shell was submitted to a radial compressive load by contact from 

the compression plates, which are simulated as rigid bodies, and where the boundary conditions 

(BC) were imposed (Figures 1a-c). 

<< Insert Figure 1 >> 

Regarding the BCs, all displacements and rotations of the lower plate were restricted in 

all directions, whereas for the upper plate only the displacement in the θ-direction was released, 

where a maximum displacement of 50 mm was applied (Figure 1b). The displacement of the 

upper plate was monitored and the reaction force of the upper reference point was collected. 

Compressive loading was transmitted to the tube by contact from the rigid compressive plates. 

A surface-to-surface contact algorithm was used to model plate-tube interaction by using small 

sliding formulation. 

The proposed damage model was compiled as a UMAT (User Material Subroutine) and 

linked to the software used. The material properties of a representative unidirectional 

carbon/epoxy laminate with a fiber volume fraction of ≈70% (measured by acid digestion 

following ASTM D3171-15) has been used in the computational analyses [23] (Table 1). The 

damage model parameters were determined in standard tensile, compressive and shear tests, as 

well as in additional off-axis tests, which were reported in previous works [24,25]. 

<< Insert Table 1 >> 

Composite tubes were manufactured using towpregs from TCR Composites based on 

Toray T700-12K-50C carbon fiber and UF3369 epoxy resin system. A 1020 steel cylindrical 

mandrel with 381 mm length and 136 mm diameter was used to produce the tubes. The FW 

process was performed using a KUKA robot KR 140 L100 with MFTech's control and 
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peripheral devices. After winding, a polyester-based shrink tape was used to wrap the laminate 

and aid compaction during curing, reducing voids. The system was then cured in an oven with 

air circulation at 130 °C for 4 h. After that, the system was cooled at room temperature, and the 

mandrel unscrewed to extract the composite tube. 

Table 2 presents the different stacking sequences herein studied and their respective 

thicknesses. In order to facilitate identification of the laminate types, the indexes 1, 2 and 3 

were used to refer to the amount of hoop layers. For all plies, the FW mosaic pattern was 

manufactured as being different, in order to increase resistance to crack propagation throughout 

the laminate thickness, as can be seen in Figure 2. According to Morozov [26], if the position 

of fiber intercrossing in each particular ply does not overlap the previous and subsequent ones, 

the crack will find physical barriers to propagate itself. 

<< Insert Figure 2 >> 

Figure 2 clarifies the pattern number (PN) for each ply within each laminate, which was 

chosen considering the degree of covering of each ply. Every pattern herein selected has a 

constant degree of covering of 100%. 

<< Insert Table 2 >> 

The experimental test, according to ASTM D2412-11, concerns to the determination of 

the external load-deflection characteristics of a composite cylinder subjected to loading 

between two parallel steel bearing plates. The experiments have been performed in an Instron 

Universal machine model 3382 (Figure 1c) under a crosshead speed of 12.5 mm/min. Five 

samples free of burrs and jagged edges of each stacking sequence family were tested, and the 

turnaround zones were cut off. 

The tube stiffness (𝑇𝑆) and percentage tube deflection quota (P) parameters were obtained 

using Eqs. 9-10: 

𝑻𝑺 =
𝑭

𝜟𝒚
                                      (9) 
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𝑷 =
𝜟𝒚

𝒅
× 𝟏𝟎𝟎      (10) 

where: 𝑇𝑆 is the tube stiffness; 𝐹 is the applied load and 𝛥𝑦 is the change in the outside diameter 

of the specimen in the load direction. The referred standard recommends that the change in 

inside diameter is reported, but as the samples had different wall thicknesses, the outside 

diameter was used to provide more comprehensive results, accounting for thickness on tube 

stiffness calculations. Eq. 11 was used to calculate the stiffness factor (𝑆𝐹). 

𝑆𝐹 =
𝐸𝐼

𝑟3 = 0.149𝑟3 × 𝑇𝑆     (11) 

where 𝐸 is the elastic modulus, 𝐼 is the moment of inertia of the tube, and 𝑟 is the mid-wall 

radius, which is obtained by subtracting wall thickness from the outside diameter and dividing 

it by two. 

 

4. Results and discussion 

Figure 3 presents the compressive load vs. deflection curves for the cylinders with 

different stacking sequences obtained using a linear-elastic model, in order to show the overall 

mechanical behavior of the structure. As can be noted, the compressive response of the tubes is 

highly dependent on ply orientation. Thus, as expected, this preliminary analysis indicates that 

plies wound at higher angles, i.e. closer to 90° (loading direction), improve the ability to 

withstand more load, as reported by Almeida Júnior et al. [27]. Moreover, ply homogenization 

[10] seems to have an effect on compressive response of cylinders, since the Type 1 and Type 

2 laminates have similar winding angles, and although the first laminate has a hoop layer located 

at the middle ply, it supports less load than the second laminate, which does not have a hoop 

layer in the laminate. However, these assumptions must be deeper evaluated through 

progressive failure analysis. 

<< Insert Figure 3 >> 
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Another preliminary study was carried out, which is the influence of model parameters 

on the global compressive response of the tubes. The model parameters analyzed are transverse 

shear stiffness (TSS) and non-linear geometric analysis (NLGEOM). Regarding the former, 

shell elements are based on first-order transverse shear flexible theory, in which the transverse 

shear strain is constant through the thickness of the laminate. This assumption demands the use 

of shear correction factors. The use of these factors also allows estimating interlaminar shear 

stresses in a composite section [28]. For this reason, TSS used in the FE models is defined by 

the user, as seen in Figure 4. Regarding the effect of NLGEOM, it was assessed through Riks 

analysis [29] in order to predict whether buckling happens in the actual simulations. 

<< Insert Figure 4 >> 

The Type 1 laminate was chosen for this parametric analysis. TSS of a shell element is 

calculated at the beginning of a simulation and it is based on material stiffness and first-order 

shear deformations. As can be seen in Figure 4, there is little difference between the curves for 

TSS calculated by the software and TSS inputted by the user. However, this difference increases 

towards the end of the simulation, and this may influence the numerical results. Concerning the 

analysis using Riks method, it is possible to predict buckling failure loads and mode. In order 

to ensure that buckling is not occurring in the current problem, a displacement of 500 mm is 

applied, and buckling is noticed only for a displacement of 209 mm, which is a high 

displacement considering the composite tubes studied. Thus, this is a strong evidence that the 

current analysis cannot be considered as an instability problem due to the high stiffness of the 

tubes. Simulations using the UMAT with and without damage have also been performed, where 

the native behavior of the linear-elastic analysis is recovered. Therefore, at high load and 

displacement levels, as found in Figure 4, many plies fail, then catastrophic failure of the 

structure occurs. 
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 Computational progressive failure analysis and experimental results of the composite 

tubes are presented in Figure 5. The damage model simulates very well the behavior of the 

tubes. That is, load vs. deflection curves, maximum load and stiffness of each stacking sequence 

family can be predicted with good accuracy. 

<< Insert Figure 5 >> 

 Type 1 and Type 2 tubes show high non-linear behavior after ca. 12 kN, which is related 

to delaminations. These failures take place after the maximum peak load as observed during 

experimental tests. On the other hand, the Type 3 tube show a quasi-brittle failure, as noticed 

in both experimental and numerical analyses, which occurs because it has all laminas wound 

very close to the circumferential direction, i.e. the loading direction. However, Type 1 and Type 

2 laminates tubes support high deflection levels, which can be attributed to the pattern used, 

since the fiber intercrossing do not overlap in any lamina, hindering crack propagation. 

 The concept of tube stiffness can be used to compare numerical and experimental 

results, which are shown in Figure 6. In general, experimental results and numerical predictions 

are very close for all laminate configurations, with a difference not higher than 6%. The tubes 

are highly dependent on the winding angle and winding mosaic pattern, and similar 

interpretations can be provided, since more layers wound closer to the load direction make the 

tube stiffer when loaded under radial compression. The opposite behavior is observed for tubes 

wound with ±45°, ±55° and ±65° layers, where the tubes are less stiff for this loading case. 

<< Insert Figure 6 >> 

 The percentage tube deflection (Figure 7) is associated with tube stiffness, and less stiff 

tubes tend to deflect more. In addition, although none of the tubes buckled, the absence of 

laminas wound at the loading direction allows higher deflection levels. As load in the tube 

increases, the cross-section changes from a perfect circle to an ellipse, i.e. dimensions in the 

vertical direction decreases and in the horizontal direction increases, being the later restricted 
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by the lateral stiffness of the tube. The largest change typically occurs along the vertical and 

horizontal directions, being the vertical slightly larger than the horizontal. 

<< Insert Figure 7 >> 

 Figure 8 presents the stiffness factor (SF) for all tubes, which is a useful parameter since 

it indirectly correlates the flexural modulus and the wall thickness (𝐼 = 𝑡3

12⁄ ). As SF is highly 

dependent on tube deflection, the results corroborate those of the deflection (Figure 8). In other 

words, the specimen with more layers in the circumferential direction has higher SF. 

<< Insert Figure 8 >> 

 Figure 9 shows the deformed shape of all studied tubes concerning their damage in the 

fiber axial direction (SDVθθ), related to normal stresses (𝜎𝜃𝜃), in the fiber radial direction 

(SDVrr), related to transverse stresses (𝜎𝑟𝑟), and shear stresses in plane θ–r (SDVθr), related to 

in-plane shear stresses (𝜎𝜃𝑟). It is clear that all tubes deform elliptically. Also, the tubes present 

stress concentrations at the contact areas with the compressive plates and transversally to them. 

Most tubes show more damaged regions at the contact area with the compressive plates. It is 

valid to mention that the finite element mesh was sufficient refined, based on a balance 

efficiency between accurate results and simulation time, but also avoiding edge effects caused 

by plate-tube-plate contact, which was observed in less refined meshes. All tubes presented 

high shear stress levels at the final failure. In addition, large shear stress levels have been 

detected in the vertical edges of the composite tube, which may strongly induce failure by 

delaminations. Furthermore, the deformed shapes of the damaged tubes demonstrate that 

buckling does not happen for the investigated stacking sequences. 

<< Insert Figure 9 >> 

Figure 10 presents the final shape of the actual Type 1 tube and it can be seen that 

delamination is the main failure mode. Even with many delaminations at large deflections, the 

composite tube keeps carrying load and retaining some structural integrity, aiding interpretation 
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of numerical and experimental results presented in Figure 5. Figures 10(a-c) confirm that the 

composite tubes under radial compression present delaminations, which generate 

circumferential cracks near the specimen mid-thickness. 

<< Insert Figure 10 >> 

 In order to identify more accurately the failure modes, stereoscopic images are presented 

in Figure 11. As previously discussed, delaminations drive the failure mode of the investigated 

tubes under radial compression loading. These images can help explaining why Type 3 tube 

shows better structural response than the others. The other tubes have one main delamination 

that lead to catastrophic failure, followed by many smaller cracks caused by the progressive 

failure of the laminas. For Type 3 specimens, multiple delaminations are found, which is related 

to the winding of more layers in the loading direction. 

<< Insert Figure 11 >> 

 

5. Conclusions 

The focus of this study was the development of a computational model with damage to 

simulate the radial compressive behavior of filament wound composite tubes with different 

stacking sequences. The tubes started concentrating stress at the outermost layers due to their 

contact with the device loading plates and damage propagated from the contact areas. As 

expected, the tubes reduced in diameter in the vertical direction, and expanded in the horizontal 

direction, generating an elliptical deformed shape. The computational model has accurately 

predicted both load and deflection as compared to the experimental results. 

The stacking sequence strongly affected maximum load supported by the composite 

tubes, and the tube with more hoop layers as the outer layers of the laminate and with non-

geodesic layers wound at ±75° showed better structural response. Different winding patterns 
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for the laminas in the same laminate influenced compressive strength due to fiber inter-crossing 

at different positions. 

Finally, delaminations were the main failure mode for all investigated tubes, showing that 

wound composite tubes designed to withstand radial compressive loading need to be 

manufactured with hoop layers as inner and outer layers, along with ±75° non-geodesic layers. 

This type of stacking sequence yields maximum compressive load, since the reinforcement is 

wound closer to the loading direction. 
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