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Abstract

The characteristics of advanced composite materials make them ideally suited for use in pressure vessels
for storing gas as fuel for ground transport vehicles. It has been found that the failure process starts with
randomly distributed fibre breaks and as the loading continues, they coalesce into clusters of fibre breaks
which lead to failure [4]. However, improvements are needed to reduce computational times when
performing full-scale simulations. The reduced volume method is therefore applied to the stochastic
fibre break model related to the concept of an integral range. This method allows the calculation for a
certain volume of a laminate that statistically represents the same physical properties as a full-scale
pressure vessel. A convergence study with multiple configurations has been done and shows that the
assignment of fibre failure strength values at each integration points is not the same if the related
configurations were rotated. The integral method has been successfully applied to the 3D case and by
using only 23 elements for 1 simulation, 95% of confidence level can be achieved. Another important
remark is that the result from the model is highly sensitive with the Weibull characteristics value that
was used to produce the fibre rupture values.

1. Introduction

The markets for composite materials have widened greatly to cover many different structures. Thanks
to the orthotropic material behaviour, a composite structure can be designed accordingly to withstand
the loads expected. In the automotive industry, CNG and hydrogen technologies have been developed
as the substitutes for petroleum-based fuels. The main goal is to reduce the CO2 emissions, the
challenge, however, arises from quantifying the safety standards.

According to ISO standards, two or three composite cylinders should be tested experimentally to
evaluate their strengths. Composite materials have particular degradation kinetics which are markedly
different from other materials. Evaluating the reliability of such material requires a comprehensive
understanding of how this material behaves under specific loads and environmental conditions.
Currently, the available standards are not sufficient to clearly evaluate the strength properties of a
composite structure. BAM, therefore has developed an analytical tool that analyses the result from an
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experiment using a statistical-probabilistic approach. This approach shall give the assumed statistical
property of the burst pressure population [9].

Blassiau et al. have found that the failure process starts with randomly distributed fibre breaks and
as the loading continues, they will coalesce together into a cluster of fibre breaks, sooner or later those
clusters will cause a total failure [1-3]. On the other hand, BAM has found an interesting finding from
aged pressure vessels that showed an altered reliability when tested with slower than usual pressurisation
rates (slow burst test). As the linear viscous behaviour is used to describe the matrix inside the fibre-
break model, this could help to explain the phenomenon occurred during the residual strength testing.

The fibre break model (FBM) is using the fibre rupture values based on Weibull distribution as the
input parameter. A sensitivity study then required to investigate the failure strength predicted by the
model. Defining the minimum number of the representative volume element (RVE) contained in a
simple structure which will not significantly change its failure strength, for a given structural loading,
compared with a similar structure with a higher number of RVE is the main objective of this part of the
study. A method called integral range then will be used to give a confidence level from the simulated
results. The approach used in this paper needs to be justified so that the study on a real size pressure
vessel can be performed, however, this will become the part of the next study. It is also worth to be
mentioned that a relation between the results from the convergence study and the probabilistic approach
made by BAM must be made. Though it has not yet been studied, a hint for the scatter of the failure
strength would become an added value.

2. Integral Range Method

The failure strength values estimated from the model may fluctuate depending on the number of
realisations as these values are randomly assigned at each integration point. All the information in this
section is based on the study from [5-8]. According to [8], the convergence mode of the ergodic
stationary random function or simply put, the fluctuations of the estimated failure strength is not very
restrictive, it is applicable to increasing sequences of balls or parallelepipeds.

Integral range method, therefore, was used to calculate the variance D? (V) of its average value Z(V)
over the volume V. Equation 1 is valid for a large specimen where V.34 [5]. D? (V) is the point variance
and 43 is the integral range of the random function, of which in this case is the random assignment of
the fibre failure strength value.

A
DX =D} (1)
V
2 2 (43\
DX =02 (3) @
When A4; # 0, an integer number N can be found, which leads to equation 4,
. 3
e 3)
D2
Dl == (4)
D=+

Equation 4 represents the variance of a mean of N independent realisations as if the domain 7 had
been divided into N independent domains of the same size 43 [8]. The scale of the phenomenon then
can be interpreted in 43, which in this case is the phenomenon of the fibre breaks and 7 is the scale of
observation, i.e. pressure vessels or parallelepipeds.
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The term D§A§ in equation 2 can be defined as K, as explained in [5]. K and y can then be numerically
defined by fitting a power function to the log-log equation below,

IogDﬁ(V) = logK- ylogV (5)

The number of realisations is represented by n and the sampling error of the estimated property can
be calculated as

2D, (V) €abs 4D§A§
€abs = T — €rel = 5 _)61%:_— (6)
b. \/Z [ el Zz " VV
By rearranging the equation 6 above, the representative reduced volume is defined,
1
ST (7)
RVE=\ 53—
22 n €fel

3. Methodology

The FBM uses the macroscopic stress state value from usual FEM calculation to study the fibre
breaks in a microscopic scale, this was implemented in a simplified FE° multiscale approach. At each
integration point on FEM calculation, it requires 5 fibre failure values to change the state of the RVE
from C32 (undamaged state) until C1 (final damage state). These values were based on a two parameters
Weibull function to describe the statistical characteristic of fibre failure and have been produced by a
Monte-Carlo process.

The structure studied, denoted as S, is a material system in movement in the physical space, modelled
with an affine space with 3 dimensions &°, for which the spatial reference frame is R, assumed to be
Galilean, the origin of R is O and its cartesian orthonormal basis is b = (x;,x5,x3). The structures studied
has a parallelepiped shape, that will be referred as specimens from now on. It is limited with section
plan S,, and S_,, that is located respectively according to the equation x; = +a and x; = -a, section plan
S.pand S, located respectively according to the equation x, = +b and x, = -b, section plan S, . and S,
located respectively according to the equation x; = +¢ and x; = -c. The length L, width /, and the
thickness e of the specimens is defined as L = 2a, [ =2b, e = 2¢. The boundary condition of the
simulation will be as follows:

«  Adensity of surface force F, (M,1) = -F(1)x] is applied on section S_;

» A density of surface force Tﬁa (M,f) = +F(t)x; is applied on section S, ;
» The other surfaces are free of forces;

« The applied load F(#) is a monotonic increasing function of time.

The cases are distinguished by its stacking direction (1D, 2D, and 3D). The 1D — case is stacked in
x;, x, and x; direction while for the 2D — case in (x;,x,), (x;,x3) and (x,,x3) directions. To compare
between 1D and 2D case, the number of the RVE is limited from 4 to 100. The 3D — case therefore shall
have the number of RVE from 8 to 1000 due to its cuboid nature. The study then continues to implement
the integral range method to discover the minimum required simulation with acceptable deviation of
failure strength.

Each specimen from three specimens set will be subjected to the same monotonic increasing load
and use the same behaviour. Multiple N calculations then will be performed and it is distinguished by
the fact that the fibre break values required for these N calculations are obtained by N Monte-Carlo
process with the same Weibull function. These N calculations therefore shall give the N fibre break
values (in MPa) that will be used to compute its average and standard deviation from each specimen.
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Figure 1. Stacking direction of multiple specimens

4. Results
4.1. Study on Number of Realisations

Figure 2 explains the relation between the number of simulations and the average failure strength
value on 2 different cases. Based on figure 1, the results between 1D — X; and 1D — X3 cases should be
the same, as well as between the 2D — X1 X3 and 2D — X1X; cases. However, a slight difference on the
1D — case was noticed and the more apparent difference appears in the 2D - case. It is believed that such
difference occurs due to the distribution of the fibre failure strength at each gauss points which is
implemented by Monte-Carlo simulation. It should be noted that the result from the 1D — X; specimen
does not give any good results as expected. This is because that the fibre break only occurs along the
fibre direction which is the same direction with the loading. Consequently, when a fibre breaks, the
computation of the stress state becomes inaccurate and leads to unrelated results with increasing number
of elements.
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Figure 2. Failure strength (FS) on 1D and 2D cases

Currently, the model uses 5 fibre failure strength value assigned at each Gauss points (1 RVE). Thus,
for one element that has 8 Gauss points, 40 values are required. If we assume that the predicted failure
strength converges by using 125 elements, it means (40 x 125 = 5000) value would be used. On the other
hand, the total fibres inside 1 RVE are 32, and if each fibre had one fibre failure strength, then 256 (32
x 8) value would be assigned to 1 elements. As a result, it took only 20 elements (5000/256) to reach
the converged result. This is an important remark to improve the fibre break model, as this might vastly
affect the computation time.
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Figure 3. Standard deviation (SD) on 1D and 2D cases

4.2. Study on Number of Elements

The results from 1D — X5, 1D — X3, and 2D — X»X3 show that the average failure strength value seems
converged into one value as the number of elements increases. The convergence on the 2D — XyX3
is more noticeable as predicted because of its higher dimension (figure 2d). Moreover, figure
the results with relatively small deviation after using more than 100 elements. This confirms
sage of such element size on the fibre break model gives more reliable result after using more
elements. It is also clearly depicted in figure 5a, that even using a smaller number of elements
on 3D specimen already gives a closer result to the converge one with smaller standard deviation as
well. After certain extent, the average failure strength value unsteadily converges with smaller standard

specimen
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Figure 4. FS and SD in 3D case
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Figure 5. Comparison between all cases

4.3. Integral Range Implementation
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Figure 6. Log-graph fitting

Figure 6 is a fitting result based on equation 5 that has been calculated from the 3D — case results (figure
4). These variables then will be used to calculate the representative volume which refers to equation 7
(table 1). A higher number of an element is needed to really find the converged solution, but also the
computation will become more and more ineffective. Nevertheless, the integral range method gives a
result with a certain confidence level, for instance, it is calculated by 100% - 0.10% = 99.9% where 705
elements were used and 100 realisations/computations has been performed. It became much faster by
performing only 1 computation with the same number of elements, however, the confidence level is

reduced to 100% - 1.00% = 99%.

Table 1. Result from integral range method

Intended Relative Error

n 5.00%

1.00%

Realisations

0.5% 0.10%
Vryve (Representative Volume)
100 1 5 23 705
50 1 11 48 1476
5 4 127 556 17184
1 23 705 3090 95567
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5. Conclusion

The integral range approach has successfully been used for the current study. A slight difference results
have been noticed in 1D — case and 2D — case due to the random assignment of fibre rupture values at
each node (integration points) in the geometry model. Based on the 3D — case results that show an
asymptotic behaviour for the standard deviation value, it is predicted that after a certain extent, a required
number of element will be found, hence more simulation shall be performed with higher number
elements (over 1000 elements) to ensure the findings. Nevertheless, the 95% confidence level result is
selected as this is the common confidence value to be used in statistical analysis. To be noted that these
predicted failure strength is highly sensitive with the input data of fibre failure strength coming from the
Weibull distribution. In addition, the relation between the confidence level of the proposed method and
the probabilistic approach developed by BAM will also be studied on the next stage.
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