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ABSTRACT 
 

For a unidirectional carbon fiber composite tube, this 

paper demonstrates how to use numerical simulation to 

account for such microstructural mechanisms and process 

induced variation to more reliably predict the burst pressure 

and localized stresses within the composite. Simulations 

were performed using the finite-element package 

MultiMech, a fully coupled two-way multiscale finite 

element (FE) solver. For the thermoplastic composite tube, 

defects, such as resin pockets and non-uniform fiber 

volume fraction (FVF), were stochastically inserted into the 

model to characterize manufacturing variability. Because 

the defects are inserted randomly, multiple simulations can 

be run for each scenario to obtain a lower and upper limit of 

burst pressures for different tubes with different 

percentages of defects. The results demonstrate the ability 

of the multiscale approach proposed, by following trends 

observed in experimentation as well as the speed in 

generating the results for such a nonlinear failure problem.  
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1 INTRODUCTION 
 

Pressure vessel manufacturers are increasingly adopting 

composite materials, mainly fiber-reinforced plastics 

(FRPs), for applications in a broad range of industries. 

Some advantages are clear when replacing traditional 

materials for these parts for FRP composites. For instance, 

considerable weight reduction can be achieved, as FRP 

vessels are significantly lighter than a similar part made of 

a metallic alloy. Also, the high axial strength of the fibers 

allows an FRP structure to bear the operational hoop stress, 

which is the largest component of stress experienced in 

these vessels. Resistance to corrosion and other 

environmental factors is generally increased, too.  

Although being listed as a potential alternative for 

manufacturing better parts since at least the 1960s [1], the 

use of composite materials for application in pressure 

vessels gained momentum during the end 1980s and 1990s, 

in some specific industries, like aerospace [2]. More 

recently, in the current century, this alternative found 

widespread applications, including oil & gas and 

automotive, as illustrated in [3-4].  

Despite FRPs demonstrating a much higher specific 

strength for this application than other common material 

options, failure prediction is challenging in this case for 

multiple reasons. Composites are inherently difficult to 

characterize, as there are multiple constituent’s strength and 

stiffness to evaluate, as well as the interfacial properties 

between them. Furthermore, the matrix between the load 

bearing fibers are usually viscoelastic, which requires a 

time dependent consideration when analyzing a global part 

at failure. Finally, composite performance is highly 

sensitive to its manufacturing process, where defects just as 

voids, delamination, and resin pockets can originate 

randomly in a part with a repeated manufacturing process, 

or when changes to the process are made. 

A common approach is to use analytical models, like the 

rule of mixtures, the equivalent inclusion method from 

Eshelby [5], the back stress analysis from Mori-Tanaka [6] 

or other failure prediction criteria like the ones formulated 

by Tsai and Wu [7], Hashin [8] or Christensen [9]. 

However, there are several setbacks in using analytical 

methods for composite analysis. For example, predicting 

failure in these methods often requires experimental data to 

determine the maximum strength of a composite. The issue 

is that experimental data can only capture the stress states 

of a material in very specific loading scenarios, and given 

the highly anisotropic behavior of FRPs, stress states vary 

greatly depending on ply angle orientation and part 

geometry (which is rarely a flat plate). 

A better approach is to solve both the global and the 

local (micro scale) by finite element analysis (FEA) [10-

11]. Multi-scale analysis makes use of representative 

volume elements (RVEs) which are, themselves, a finite 

element model that captures the small-scale interactions 

between fibers and matrix. The RVEs both (i) get boundary 

conditions from the global scale FE mesh and (ii) retrieve 

local-scale information, like mechanical properties, 

response to loadings and micro-cracking to the global scale. 

Thus, any cracking or even failure in micro-scale is 

upscaled to the global analysis, as loss of stiffness and/or 

element deletion, changing the general behavior of the 

model. This interaction between global and local scale 

characterizes a true multi-scale simulation, showing 

obvious benefits especially when the material 

microstructure evolves with time, due to cracking, 

continuum damage, or other forms of damage. 
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In this paper, analyses of a positively pressurized tube 

will be reported, aiming on evaluating the burst pressure 

through multiscale simulations utilizing both macro and 

micro scales in a coupled fashion with the commercial 

solver MultiMech. This study observes how randomly 

inserted resin pockets effects the burst pressure of idealized 

carbon fiber composite tubes with different percentages of 

this defect. Also, the fiber volume fraction will vary 

throughout the whole tube to observe how non-uniform 

fiber density effects the performance of the tube. These 

trends and ranges of burst pressures can be utilized to 

predict the consequences of manufacturing variability and 

aid in the design of new fiber reinforced composite tubes. 

 

2 MODEL / NUMERICAL SETUP 
 

2.1 Global Model Setup 

     The tube model was created to represent the dimensions 

of a commercially manufactured carbon fiber tube. Since 

the tube has a constant cross section its entire length, a 

section with dimensions shown in Figure 1 was considered 

to represent the entire tube’s behavior. The tube consists of 

6 external layers, with plies of different orientations (+80 

and -80 degrees from the axial direction) being overlaid in 

an alternate fashion, as shown in Figure 1. The +/- 80-

degree ply orientation was chosen because this value 

demonstrated a maximum burst pressure compared to other 

orientations. Also, a thick, interior layer is present in the 

tube to represent a thermoplastic lining. The plies were 

composed of a carbon fiber – PEEK 450G unidirectional 

fiber composite [12]. 

 

 
 

Figure 1: Visual of the geometry and dimensions of the 

tube model. 

 

     The mesh was created with a single (linear) element 

representing each carbon fiber ply through the thickness of 

the tube, and the PEEK interior layer being split into 4 

sections. Each ply was then split in the theta direction every 

5 degrees (72 sections), creating a total of 720 elements. 

For this FE model the following boundary conditions (BCs) 

were applied: (i) fixed displacement in the axial direction 

for all of the nodes on one cross section surface, (ii) fixed 

displacement in the X and Y direction for a single node to 

eliminate free body rotation, (iii) internal pressure to the 

inside wall of the tube, (iv) and an axial pressure which is 

determined by the chosen wall. The wall pressure of 20 ksi 

is an arbitrary load that was chosen to ensure that failure 

occur in all the models. All the results are then reported as a 

percentage of this load. 

 

2.2 RVE Setup and Configuration in Global       

Model 

The local scale Representative Volume Element (RVE) 

created for this multiscale simulation represents a 

continuous carbon fiber reinforced by a matrix. This RVE 

needs to accurately portray the properties of a large number 

of fibers without being too large to maintain a reasonable 

computation time. Figure 2 shows an RVE commonly used 

for continuous fiber composites. This RVE can be tailored 

to have a specific fiber volume fraction and can also include 

other features like voids (which were not implemented in 

this study). The fiber is defined as an orthotropic linear 

material with a maximum principal stress criterion that 

leads to stiffness reduction, representing fiber failure. The 

matrix is an isotropic continuum damage material. The 

constituent’s properties were reverse engineered from the 

composite mechanical properties [12]. For the resin pocket 

defect, the same geometry of the fiber-matrix RVE was 

used except that the entire volume was designated as the 

resin material. 

There were 2 different studies performed with this 

model in which the fiber volume fraction and resin pocket 

percentage served as the independent variables, and the 

burst pressure being the dependent variable of interest. The 

first study observed the effect of fiber volume fraction 

(FVF). In this case, the same RVE was used throughout the 

model, performing 3 different simulations with FVFs of 

50%, 55%, and 60%. The second study randomly combined 

the three RVEs previously described, where each RVE 

represented a third of the elements in the model, resulting in 

an overall FVF of 55%. In this study, different simulations 

without resin pockets (0%) and with resin pockets at 2%, 

4%, 6%, 8%, and 10% were run. These resin pockets were 

also inserted randomly, but for this case, each model with 

different percentage of resin pockets were run 5 times, each 

inserting the resin pockets in a different random position. 

This produced a range of burst pressures that can represent 

the effect of manufacturing variability. This model is 

visualized in Figure 3. Although resin pockets occur 

parallel to the fiber direction, this model inserts the defect 

as part of the whole ply. In future studies, this mesh may be 

refined so that these resin pockets may be inserted in 

between plies to more accurately represent physical tubes. 

 

 

Advanced Materials: TechConnect Briefs 2018 205



Figure 2: Image of the fiber-matrix RVEs used in the 

model. 

 

Figure 3: Image of the distribution of RVEs with different 

fiber volume fractions and resin pockets. 

 

3 RESULTS 
 

3.1 Results – Study 1 

The results for the first study can be seen in Figure 4. 

The burst pressure increases as the fiber volume fraction 

increases, which is expected since the fiber carries most of 

the load. This study serves as a check to ensure that the 

model represents what would physically occur. Although 

this model shows expected results, it is an idealistic 

representation of a fiber reinforced tube. The biggest issue 

with carbon fiber composites is manufacturing variability. 

In this case, all the fibers are loaded equally, and all fail at 

the same pressure. 

 

Figure 4: Burst pressure as a function of fiber volume 

fraction.

Figure 5: Burst pressure as a function percentage of inserted 

resin pockets. 

3.2 Results – Study 2 

The results for the second study can be seen in Figure 5. 

As the percentage of resin pockets increases, the burst 

pressure decreases. Again, this is expected since weaker 

elements are replacing the stiffer elements with fibers.  An 

interesting observation is that for 0% resin pockets (using 3 

RVEs of different fiber volumes averaging an overall fiber 

volume fraction of 55%), the burst pressure is still about 

50% weaker than the model with all 55% fiber volume 

fraction RVEs. This shows how sensitive continuous fiber 

reinforced tubes are to inconsistencies in the composition of 

the material. By just replacing some elements with RVEs of 

different fiber volume fraction, stress concentrations are 

created that cause premature fiber failure at certain areas in 

the tube that have a high fiber volume fraction. 

 

The results for the second study can be seen more 

detailed in Figure 6. For each percentage of resin pockets, 5 

different results are shown. Some cases had the same burst 

pressure, which is why some resin pockets percentage 

values only show 4 or 3. Like we have shown in the second 

study, with increasing resin pocket percentage we get 

reduced burst pressures. Here we can see how randomly 

changing the locations of the resin pockets effects the 

performance of the tube. Some cases had resin pockets in 

closer proximity to one another, causing larger stress 

concentrations and earlier failure. 

 

Figure 6: Range of burst pressures for different percentages 

of resin pockets. 
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     Figure 7 depicts the state of the tube close to failure. We 

can see that many RVEs begin to fail which in turn creates 

stress concentrations. In areas with a higher concentration 

of RVE failure, higher stresses develop which ultimately 

lead to earlier failure in the tube.  

 

Figure 7: Images of the model close to burst pressure. a) 

Shows the failure status of the RVEs and an RVE failing. b) 

Shows the stress field. 

 

4 CONCLUSIONS 
 

In this paper, a multi-scale strategy based on FE 

simulations was applied to avoid the oversimplifications of 

analytical modeling of the microstructure. In the local scale, 

damage criteria were implemented in the form of fiber 

rupture and continuum damage in the matrix. The ability to 

combine damage evolution of the microstructure and the 

effects of adding defects at the global scale accurately 

represents the structural behavior of the fiber reinforced 

tube.  

The results of the first study validate the multiscale 

model by demonstrating the effects of FVF on the strength 

of carbon fiber wound tubes. The second study explores 

how non-uniform FVFs and resin pockets adversely effects 

the burst pressure of these tubes. The last study 

demonstrates a method for retrieving a range of burst 

pressures given different percentages of defects in a model 

as well.  

These studies aimed to devise a method for 

characterizing manufacturing defects and manufacturing 

variation. Although the results are promising and show that 

defects can be modeled with a multiscale approach, further 

research can be performed to validate these results. Next 

steps would involve creating a model in likeness to a 

manufactured tube and comparing model results to 

experimental data and observing which techniques for 

modeling manufacturing variation gives the most accurate 

results. 
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