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Abstract: Composites are used in lightweight structural
designs. This paper describes experimental tests conducted
on composite tubes and a comparison with computational
results. A test method was developed which involves an
applied axial compressive load on tubes fabricated using
Unidirectional (UD) carbon fibre set at +35°, to induce
compressive and shear stresses along the fibres. Four major
failure criteria were compared against test results: Tsai-
Wu, Hoffman, Tsai Hill and Maximum Strain. The
Hoffman and Tsai-Wu criteria were shown to be accurate
and conservative. The Tsai-Hill criteria produced high
strength ratios. The Maximum Strain criteria had the
highest strength ratio, proving to be the least conservative
and deviated most from computational results. This paper
shows that the Hoffman and Tsai-Wu failure criteria may
be used confidently in applications such as filament
winding and continuous pultrusion methods, which are
widely used in producing closed sections. Additionally,
elastic and shear moduli were varied in simulations to show
that small inaccuracies in those properties do not
substantially change the maximum failure index output.
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1 Introduction

For the failure analysis of composite structures an important
consideration is the availability of accurate data for material
properties, in particular, data for the elastic constants and
strength properties. In practice, fabrication and testing of
panels to obtain this information can be difficult, expensive
and possibly with some inaccuracies due to manufacturing
tolerances [1]. Imperfections in the layup can further
complicate an accurate prediction of failure and these may
not always be avoidable. The effect of uncertainties in the ply
properties on the failure evaluation has been noted in [2].
Another consideration is the selection of an appropriate
failure criterion since different criteria may predict failure
accurately in different cases [3, 4]. It was observed in a

a. SAIMechE Student Member. Discipline of
Mechanical Engineering, Centre for Composite
Materials and Structures, University of KwaZulu-
Natal (UKZN), South Africa,
narsai.mikhail@gmail.com

b. Discipline of Mechanical Engineering, Centre for
Composite Materials and Structures, UKZN, South
Africa, adali@ukzn.ac.za

c. SAIMechE Member. Discipline of Mechanical
Engineering, Centre for Composite Materials and

Structures, UKZN, South Africa,
kirsty_veale@hotmail.com

d. SAIMechE Member. Discipline of Mechanical
Engineering, UKZN, South Africa,

PadayacheeJ@ukzn.ac.za

number of studies that “the predictions of most theories differ
significantly from the experimental observations” [5, 6]. It
was further noted in [5] that “many of the existing failure
models could not predict the experimental response within a
tolerable limit. In fact, differences of up to an order of
magnitude between the predicted and experimental values
were not uncommon.” These observations indicate the
importance of the accurate assessment of failure of
composites by determining the materials properties
accurately and identifying the applicable failure criterion for
a specific application.

The objective of this study is to assess the accuracy of
composite failure theories as applied to composite tubes by
producing a test method that loads the fibres in Carbon Fibre
Reinforced Polymer (CFRP) tubes in compression and shear.
The results shed light on the sensitivity of the results to
specific failure theories. This allows a more reliable design
approach for composite tubes using appropriate failure
criteria. Such tubes are used extensively in space frame
chassis designs [7, 8]. In the present study the effect of
uncertainty in the material properties on the failure loads was
studied using four different failure criteria.

The specific composite studied in the present work is
CFRP (Carbon Fibre Reinforced Plastic) which is often the
material of choice in the design of a composite space frame
chassis due to its high strength and stiffness as well as low
weight [9]. Fibre composite materials are studied extensively
in the books by Nijssen [10] and Kaw [11] where it is pointed
out that the superior performance of CFRP in terms of its low
mass, high strength and high stiffness as compared to other
materials.

In the present study, an experimental study of composite
tubes are complemented by finite element analyses to
compare the test and numerical results. In particular, the
Nastran direct sparse solver within NX is used for this
purpose. Analysing simple geometries can be done
analytically but accurate results for complex cases can be
obtained via a Finite Element Analysis (FEA) through FEA
packages with composite analysis tools. It is noted that
composite tubes are used extensively.

2 Failure Criteria

There are several theories and methods to analyse and predict
composite laminate failure [12]. These methods, in general,
differ substantially in their approaches and can produce
varied results with some showing differences of the final
failure (total fracture and separation) stress of up to 970% as
tested by Soden et al. [13]. NX Nastran software can use
various criteria to determine failure, including Tsai-Hill,
Hoffman, Tsai-Wu, and Maximum Strain. The following
information regarding the processing of the failure criteria by
NX and NX Nastran is sourced from the NX Laminate
Composite Student Guide by Siemens [14].
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The notation relating to the failure theories is shown in
Table 1. Note that for normal stresses, positive values
indicate tension.

Table 1  Failure criteria nomenclature

X Laminate tensile strength parallel to the fibre direction
X. Laminate compressive strength parallel to the fibre direction
Yy  Laminate tensile strength perpendicular to the fibre direction
Y.  Laminate compressive strength perpendicular to the fibre direction
S Laminate shear strength
o,  Applied stress parallel to the fibre direction
o, Applied stress perpendicular to the fibre direction
T, Applied shear stress
F  Failure index
SR Strength ratio

The Tsai-Hill failure criterion is described as follows:

g 2 010: [o} 2 T 2
F=(3) -5+ () (%) o
with the strength ratio defined as:
1

In the Tsai-Hill failure criterion, the first term uses X if
compression is applied, and X if tension is applied. The
second term uses X if the applied stresses have the same
sign, and X, if they have different signs. The third term
operates in a similar fashion to the first term.

The Hoffman failure criterion is described as follows:
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The strength ratio is obtained by multiplying each stress
term by the strength ratio (SR) and setting F equal to one then
solving the quadratic equation. The smallest positive root
should be considered.

The Tsai-Wu failure criterion is described as follows:

F = Fi01 + F110% + F,0, + F3,0% + 2F,5,0,0;, + Fee1%,(4)

where:
e 0
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Fi, is user-defined, but is set as zero if the following
equation is not satisfied:
Fi1Fpp — F5 >0 (10)
The strength ratio is calculated in the same way as in the
Hoffman theory. The interaction term F;, must be determined
experimentally through biaxial testing [15]. Narayanswami
and Adelman [16] expressed that setting the interaction term

as zero provides adequate accuracy for engineering purposes
in fibre reinforced composite materials loaded bi-axially.

Their testing consisted of ten composite combinations and six
loading conditions and maximum error in predicted loads was
under 10%. Note that setting the interaction termto 1/X-Xr
reduces the Tsai-Wu theory to the Hoffman theory [15].

Cui et al. [17] explored using various values for the
normalised interaction term defined as follows:
Fr = Fip

12 — m

Their study focused on delamination, so their final value
of 0.7 for the normalised interaction term may not apply to
this paper, and Tsai and Hahn [18] described the normalised
interaction term acting in a similar way to the von Mises
criterion in ductile materials.

(11)

3 Methodology
For the experimental part of the study, composite specimens
were tested in order to determine their elastic constants and
strength properties. Values obtained from tests were
compared to corresponding results available in the literature
to ascertain their accuracy. Next, an experimental test was
designed to stress fibres in a tube in compression and shear.
Compression and shear tests were chosen, as it is a common
scenario found in space frame chassis design. The test was
then simulated using NX Nastran and the results were
compared to the experimental results to validate the FEAs
and compare failure criteria. Furthermore, a parametric
analysis was conducted to study the effect of uncertainties in
the elastic constants on the failure loads.
Testing was completed at the Durban University of
Technology (DUT) Composites Technology Station. 12K
300 GSM UD carbon-fibre cloth manufactured by Gurit
Holding AG (product code R163-040) was laid up and
vacuum infused with Prime 20LV resin and slow hardened
under a 100 kPa vacuum. The tests on the specimens were
conducted in accordance with relevant ASTM standards as
follows:
e Tensile test and elastic modulus in accordance with
ASTM D3039 (0° and 90°) [19]

e Compressive test in accordance with the Modified
D695-15 (0° and 90°) [20]

e Shear strength test in accordance with the ASTM
D3518 [21]

e  Shear modulus test guided by the ASTM D3518 [16]

e Matrix digestion test in accordance with the ASTM
D3171-15 [22]

A micrometer was used to measure the shortening of the
specimens during the loading.

3.1 Composite Tubes Testing

The goal of this test was to validate FEA results using a
simplified but universal test. To simulate a member under
compression and shear loading, the following test was
designed. A tube was fabricated from UD cloth and its
stacking sequence was specified as [+35°/+35°], relative to
the loading axis (a line running the length of the tube, see
figure 1). By testing the specimen in compression, the fibres
experienced a combined load of compression and shear due
to the angle, thus including more terms in failure criteria
expressions and testing the theories more fully. Compression
and shear stresses were observed during FEAs. Elements’
axial stresses in the fibres’” primary directions were always
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negative, indicating compression. Specimen geometry was
chosen such that buckling was not a failure mode. The 35°
angle was chosen to induce a ratio of compressive stress to
shear stress of about 1.5, without weakening the tube in the
axial direction such that it would fail in the wrong mode.
Figure 1 illustrates the way the fabric was cut observing the
35° angle to the fibre direction.

e
. erent®
cﬂcum{;
— I"\I
\ length
fibre direction

4

e

Figure 1 Diagram illustrating the cutting of the fabric

Two layers of fibre were used per tube to increase the
specimen thickness and to avoid buckling. An approximate
diameter and an approximate wall thickness were chosen
such that the possibility of buckling would occur at a much
higher load than the predicted laminate failure load. UD
fabric and the same angle for both plies were used to
eliminate interlaminar shear so that the initial failure would
quickly lead to final/ultimate failure. This removes the need
for a transient, non-linear damage analysis. The plies were
laid up on a polished aluminium mandrel. The layup was
vacuum infused to maintain the same properties as the flat
test specimens so that the properties from the tests can be
used in the numerical simulation of the tests. Infusion and
cure conditions were identical to the conditions of the
previous flat panels.

It was observed that the surfaces of the tubes were wavy
as shown in figure 2. This was caused by the vacuum bag
process, which compressed the fibres to a point where they
pleated. This was observed during the vacuum process.
Because this was laid up on a mandrel, the inner surface did
not show any waviness at all. This waviness implied that the
tube thicknesses were inconsistent, and that there were small
stress concentrations rather than uniformity throughout.
However, failure zones were observed to occur at the thinnest
part of the tubes.

Three tubes were tested in compression. Sandpaper was
used at the top and bottom of each specimen to prevent slip
and end crushing. In addition, a collar was used at the bottom
to ensure a fixed rotation condition at that end. The top did
not have a collar. Figure 3 shows this setup.

Figure 2 Finished tube specimen

Figure 3 Tube compression test setup

3.2 Finite Element Simulations

A finite element analysis was conducted using NX Nastran to
compare computational and experimental results. Finite
element models consisted of 1 mm CQUAD4 elements for
accuracy. Each test had the geometry and ply thickness
changed to match the experiment. Because the inner diameter
was measured, the reference plane was set to “BOTTOM”
from the default “MIDDLE”. When the Tsai-Wu failure
criterion was selected, the interaction term was set to zero. At
the lower end of the tube where the collar was located, the
mesh was fixed in translation and rotation. At the top,
translation was fixed in the horizontal plane and rotation was
only allowed about the local angular coordinate. The force
applied to the top is the failure load obtained from the
compressive test. Figure 4 shows the meshed geometry with
the loads and constraints present. The model was
translationally and rotationally fixed in all axes at the bottom
edge and translationally fixed radially at the top edge.
Maximum deformations were below 0.6 mm.
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Figure 4 Tube test FEA setup

4 Testing and Associated FEAs

This section details the comparison of the results obtained by
finite elements and experiments. This way numerical results
can be directly compared with the experimental results.
Furthermore, failure criteria are also compared with each
other.

Flat panels were tested to determine the properties of a
single UD ply which are required to compute a failure index.
In this way, layups may include a ply-by-ply analysis which
applies to any continuous fibre layup including strategically
cut fabric in a hand-layup, pultrusion and filament winding.
After these tests, a test was designed to induce axial loading
and shear loading with respect to the fibre direction so that
failure criteria could be tested under combined loading. These
tests were then compared to FEASs simulating the experiments
to validate the results and compare the failure criteria against
each other. For each specimen, an FEA was conducted using
the physical parameters of that specimen, as well as its failure
load. Buckling FEAs were also carried out to ensure that first
buckling mode eigenvalues were well above 5 (to account for
imperfect geometry) to ensure that buckling was not a failure
mode.

4.1 Laminate Property Testing
Table 2 describes the notation for the material properties.

Table 2  Notation for material properties
Ell Young’s modulus parallel to the fibre direction
E22 Young’s modulus perpendicular to the fibre direction
G12 In-plane shear modulus
NU12 In-plane Poisson’s ratio

Laminate shear strength is the in-plane shear strength
corresponding to the in-plane shear modulus. The results of
the flat specimen tests are summarised in table 3 alongside
the results from Bru et al. [23]. Matrix digestion tests showed
that flat panels and tubes had an average fibre volume fraction
of approximately 58%, which is close to the 60% specified
by Bru et al. [23]. Variation in this volume fraction from
panel to panel causes an error when all values are used

together for a single panel, specimen or ply. Note that the
coefficient of variance is abbreviated to CV. For the present
tests, five samples contributed to each result as per ASTM
specifications.

Table 3 Comparison of laminate test results with Bru et al.
(23]
Present tests Tests by Bru et al. [23]
Test Mean (MP Y Mean (MP P
Variable ean (MPa) (%) ean (MPa) (%)
Xr 1989 2.1 1787 9
Xc 790 7.3 631 9
Yr 29.5 13.1 29.2 3
Ye 117 7.3 130 9
N 84.0 0.7 77.8 3
G12 2815 5.5 4400 7
El1 108 890 6.3 140 000 6
E22 6521 15 9000 10
NU12 0.28 17

Strength values were close, but modulus values showed
significant differences. The results for all except G12 were
consistent and carried out to standards. It is possible that
disagreement in G12 is due to scissoring in shear tests and the
utilisation of a non-standard method to obtain the in-plane
shear modulus.

4.2 Cylindrical Specimen Testing

Experimental testing of the fabricated tubes produced results
which are compiled in Table 4. The collar length was
9.57 mm.

Table 4  Tube test specimen results

Specimen
1 2 3
Length (mm) 58.9 55.26 56.6
Inner diameter (mm) 19.5 18.42 19.79
Average wall thickness (mm) 0.72 0.61 0.68
Failure load (N) 3449.1 26809 34055

Failure was seen as a crack that propagated along the 35°
of the fibres from about 8 mm from the top, but sometimes
propagated across the fibres before continuing along the 35°
angle to about 12 mm from the bottom.

5 Failure Criteria Comparison

The measurements and failure loads from the tubes were used
to run FEAs to compare the failure criteria discussed in
section 2, namely, Tsai-Wu, Hoffman, Tsai-Hill and
Maximum Strain. For each failure criterion, a corresponding
FEA was run with the output being the strength ratio.

For these simulations, strength ratios of slightly more than
one are expected for two reasons. The first is that the
waviness on the surfaces of the tubes may cause stress
concentrations that could lead to premature failure. The
second reason is that the average wall thickness is the value
used in the simulation to match the amount of fibre in the real
tube, but the failure regions on the tubes were in the areas that
were thinner than the average wall thicknesses. Another finite
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element analysis of buckling was performed using the
minimum wall thickness measured as the wall thickness
parameter. The results again showed that failure should occur
well before the buckling load is reached.

Table 5 shows a comparison of failure criteria using
strength ratios for each specimen. Figure 5 illustrates the
deformation and failure regions of the tube as predicted by
the FEA. Red indicates the lowest strength ratio (which
corresponds to the failure zone) and blue indicates the highest
strength ratio.

Table 5 Failure criteria vs strength ratios
Specimen
1 2 3 Average CV (%)
Tsai-Wu 1164 1207 1.132 1.168 3.2
Hoffman 1163 1.207 1131 1.167 3.3
Tsai-Hill 1247 1279 1212  1.246 2.7
Maximum 319 1347 1278 1312 26
Strain
Bkl
i

.

Figure 5 Hoffman strength ratio plot for a specimen

As described, the specimens’ cracks went along the tube,
but are assumed to have started at the top as this is what is
predicted by the FEA.

The most conservative theory was found to be Hoffman.
The variation in results between the theories is similar,
indicating that they are all equally sensitive to the loading
conditions. Since specimens failed at the loads used in the
FEAs, the strength ratios can be used as an error estimate of
the theory.

It is noted that the average wall thickness was used in the
FEA. However, failure occurred first in the thinner areas
caused by waviness. Secondly, the value of G12 was found
to be lower in comparison to the values found in the literature.
Bru et al. [23] obtained a value of 4 400 MPa. Murakami and
Matsuo [24] obtained a value of approximately 5 000 MPa
for a lower fibre volume fraction of carbon fibre. A data sheet
used by ACP Composites [25] presents a value of 5 000 MPa.

Using the minimum thicknesses, and a value of 4400 MPa
for G12, further FEAs were conducted for all three

specimens. The results given in Table 6 show that tube failure
is still predicted most accurately by the Hoffman criterion.
The strength ratio is close to 1, and the “error” percentage has
dropped to 2.2%. This provides validation for using tested
material properties except for G12, which is set to 4400 MPa.

Table 6 FEA results for strength ratios using minimum wall

thickness
Specimen
1 2 3 Average CV (%)
Tsai-Wu 1.012 1.052 1.04 1.035 2
Hoffman 0.998 1.041 1.026 1.022 2.1
Tsai-Hill 1.183 1221 1.216 1.207 1.7
Maximum 4 51g 1.427 1.431 1.359 9
Strain
Minimum
Wall
Thickness 0.53 0.45 0.53 .
(mm)

These results show that the Hoffman criterion is the most
accurate and most conservative criterion for the tested tubes.
This criterion is closely followed by the Tsai-Wu failure
criterion which is also conservative and accurate.

5.1 Material Property Sensitivity
FEASs were carried out to assess the errors that may be present
due to the errors in the tested material properties. This was
done by altering certain material properties individually in
the same FEA process as the FEAs done in the previous
section. Specimen 3’s dimensions (as per Table 4) were used
as a reference, and the Hoffman criterion was used. The
material properties that were significantly different from the
properties obtained by Bru et al. [23] were tested, namely,

e E —elastic modulus (E11 and E22 only)

e NU - Poisson’s Ratio (NU12 only)

e G —shear modulus (G12 only)

All other properties were held constant while the
properties of interest were tested. Altering E11 yielded
almost no variation in the strength ratio (SR). This is likely
because it is already very large in comparison to other
stiffness values, making E11 stiffer did not increase its
loading very much. Even a 50% increase in E11 only changed
SR by 1.1%. A change in SR was observed when E22 was
varied, and it required over 10% of variation of E22 to cause
a 5% variation in SR. Changes in NU12 had very little effect
on SR. Varying NU12 by over 40% resulted in a 1% variation
in SR. This helped to warrant the use of NU12 = 0.28 from
Bru et al. [23] in the FEAS conducted in this paper. Varying
G12 by over 10% resulted in changes of SR by 5%. Increases
in G12 lead to an increased strength ratio.

Finally, a simulation was run in which E11, E22 and G12
were changed to the values from Bru et al. [23] to examine
the combined effect. The result shows a 5% increase in SR,
implying that it is further from predicting the failure. This
confirms that the minimum wall thickness played a
significant role in the accuracy of the FEAs compared to the
reliability of the material properties.
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6 Discussion

The Hoffman and Tsai-Wu failure criteria showed good
correlation with adjusted FEA simulations, thus confirming
their ability to accurately predict failure in the application of
UD laminate tubes. The Tsai-Hill and Maximum Strain
criteria were observed to deviate most from computational
results, and because they do not err on the side of caution,
they should not be used for failure analysis of the present
tests. Computational results were shown not to be
exceptionally sensitive to mechanical material properties so
long as moduli are measured with reasonable accuracy.
Safety factors for future designs should be incorporated based
on the uncertainty of the material properties, although for
small uncertainties, the effect on the failure prediction is
small. The waviness on tubes’ surfaces creates uncertainty
during testing, however, FEAs using the tubes’ smallest
diameters provide accurate results.

Simulations involved change in moduli but not change in
strength values. Using NX or graphical methods, one can
vary strengths or use a failure envelope to gain a perspective
on how the strength affects the failure prediction.

Note that the analyses in this paper include compressive
and shear stresses. No conclusions can be drawn with regard
to tensile stresses.

7 Conclusions

Finite element and experimental results were compared for
composite material tubes made of CFRP with respect to
material failure. Failure criteria implemented in the
comparisons involved Tsai-Wu, Hoffman, Tsai-Hill and
Maximum Strain. Experimental study involved the testing of
composite tubes with a 35° fibre angle to compare with finite
element results. It was observed that Hoffman and Tsai-Wu
criteria predict the failure loads more closely as compared
with the experimental failure values. Maximum Strain and
Tsai-Hill criteria were observed to produce higher strength
ratios.

In the present study UD fabric was vacuum infused with
resin in the present study to produce test specimens. In future
studies other methods such as filament winding and
continuous pultrusion can be used to study the effect of
processing on the failure of the specimens.
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