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1 Introduction

1.1 Aims
Through research compare Finite Element Analysis (FEA) with physical testing.
Investigate the advantages and disadvantages of combining both methods for analysing

a scenario. Explore whether FEA could ever replace physical testing.

1.2 Objectives

1.2.1 Choose a Field of application for the FEA and physical testing

Each question has been answered with a different case study to broaden the research

into the chosen field of stress caused by physical loading and NVH.

1.2.1.1 FEA
FEA is a numerical method that can be performed to simulate many scenarios in

engineering and science; basically any problem that can be discretised these include:

e Stress of materials and assemblies
o Fatigue of materials

e Heat transfer through a system.

The results are a mathematical representation derived from approximate assumptions
made (Altair Hyperworks, 2011). For this assignment, forces on materials due to
loadings, will be the application investigated. The validity of results and complexity of

the process will be discussed within the report.

1.2.1.2  Physical testing
This can only be achieved if parts have been created. As stress loadings and forces on
materials will be investigated, physical tests on materials under load will also be

investigated these include:

e Strain gauge linear tests
e Photo elasticity (on isotropic and non-isotropic materials)
o Fatigue tests

e Acceleration force sensor tests.

The expense, difficulty, complexity, reliability, and correlation of these tests will be

examined with comparison to FEA for this assignment.
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2 Part 1 Advantages of FE Analysis Combined with
Physical Testing

2.1 General pitfalls of any testing

When optimizing components (to reduce material and waste), therefore increasing
performance of designed components, or in the general design of components, adequate
forces, temperatures and contaminates for the working environment should be known.
This presents a design problem for either method in knowing the boundary conditions
and manufactured material properties of components and how to apply adequate safety
factors viz. an ignorance tolerance (when increasing a designs strength due to the fact of

not all factors known) (McNutt and Castillo-Rogez, 2014).

2.2 Physical test advantages

Accurately modelling the material properties within software presents problems as most
are non-isotropic, due to composite layers, surface treating or manufacturing processes
where different parts cool at different rates, creating softer cores etc (Swolfs, Verpoest
and Gorbatikh, 2015). Although non-isotropic properties can be applied within software
packages, custom layups of composites will have to be physically tested as they may not
have the predicted properties (Swolfs, Verpoest and Gorbatikh, 2015). Any new
component may have unknown voids or impurities due to the production process so
testing the prototype either the final component or assembly or both can help reveal any

unforeseen defect or show if it is over engineered.

2.3 FEA advantages

Creating an accurate virtual part and performing FEA has many advantages:

¢ No tooling machining costs

e Cheaper to adjust when errors made

e (Can be optimised for material size and shape at little cost

¢ Simulations can identify problems in the design

e FEA tested Designs can be shared with customers at lower cost than prototyping

e FEA CAE led designs can reduce design steps.
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2.4 Case study

2.4.1  Aluminium Fibres in epoxy resin

The bonding of two materials is complex to model as the modulus of the two materials
cannot be simply added as the cohesion creates interfacial phenomena due to its surface
tension which is difficult to predict. Johnson investigates this in “Influence of a matrix
crack on stress transfer to an a-alumina fibre in epoxy resin using FEA and photo-

elasticity”(Johnson et al, 2006)

The study focussed on the effects of cracks in the resin matrix transverse to the fibres.
Photo elasticity was used to measure the stress concentrations around matrix cracks

within the epoxy resin. FEA calculations were examined in the photo elasticity results.

2.4.2 Physical Testing

A PTFE test mould was created to bond the aluminium fibre to the epoxy resin which
was applied and the point of crack after curing was observed. A strain gauge was
attached to the test piece to correlate the loadings applied with the stress on the PTFE

mould.

Fibre break Resistance strain gauge
\¥ v
0.188% strain «—— mz*:z._"'._m BSJ —> ().188% strain
< > b N w—p

Transverse matrix crack

Figure 1 Test Sample Arrangement (Johnson et al, 2006) (the fibre break was not pre introduced)

The resin matrix used was directly used as the photo elastic medium. This reduced the
problems associated with having a photo elastic coating, such as the modulus and
poisons ratio of the coating interfering with results (Fiedler and Schulte, 1997). When
any physical test is carried out, interference from test equipment must be corrected for,
such as the thickness of the strain gauge when checking a small component (Liu, Zhao

and Jones, 2010).

2.4.2.1 Physical results
The following figure shows the increased stress concentrations due to the crack in the

matrix.
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Figure 2 Photo elastic Image

0751093

Characterising the stress visually is useful as these types of cracks can form during the

manufacturing and are not always accounted for.
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Figure 3 Strain Gauge Results

Figure 3 shows the larger the crack, the less tensile stress that is transmitted to the end

of the aluminium fibre. Therefore, reducing the matrix and aluminium fibre combined

composite strength.

2.4.3 FEA observations

An axisymmetric FEA model of a composite system was used, as there was only one

fibre so one axis of symmetry. The assumption was made that the fibre is elastic and

will return for small loads and the resin matrix is elasto-plastic which is flexible but will

not stretch without changing geometry. It was also assumed that the fibre was perfectly

bonded.
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Figure 4 FEA results
The results show a cross over depending on where in the material the stress is being
observed. The results show the FEA predicts higher composite strength at the break,
but it rapidly diminishes after 0.25mm. The photo elastic showed the stress remains

withing the material more constantly over a longer distance.

2.4.4  Study Conclusion

The focus of the test was to gain the advantage of both test methods to feed improved
correction factors back into the results. As cracks and voids naturally occur withing
curing of composite materials, having physical test results to play back into an FEA
simulation is invaluable (Ricotta, Quaresimin and Talreja, 2008). They show that the
FEA was over predicting the stress concentration at the fibre break and under

predicting it further away.
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3 Part 2 Correlation of FE Models with Physical Tests
Methods

This section will be answered with respect to accurate physical test results.

As FEA is an approximate technique it can be compared for correlation with
experimental test results. Such results may provide data from strain gauges, harmonic

frequencies, temperature and pressure distributions and deflection results.

FEA is a numerical test method whereas physical testing is an experimental test
method. Either method can be corrected itself against other known similar works for
example. Computational Fluid Dynamics (CFD) is another numerical test method. That
is correlated with sets of known experiments such as the Mira study. For that approach,
an identical test is performed in CFD to experimental wind tunnel results. From these
comparisons the settings in the CFD simulation can be validated and used for similar

studies as a point of correlation.
When correlating results all affecting conditions must be considered:

o Effects from welding

o Boundary conditions

o Fatigue effects

e Residual stresses

e Experimental conditions.

e Material attachments

Increasing computational power will not yield more accurate results if the correct
conditions are not considered or the incorrect mathematical method appropriate to the

scenario selected.

3.1 Case Study for Correlation

3.1.1 Solar Sails

NASA directed an investigation into FEA and test correlation of a solar sail “Finite
element analysis and test correlation of a 10-meter inflation-deployed solar sail” (Sleight
et al., 2005). The solar sail is a gossamer space structure which means it is a large ultra-
lightweight system. It must be ultra-low mass as every 1kg increase in the rocket

payload mass results in at least 7kg of fuel for a multistage rocket (McNutt and Castillo-
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Rogez, 2014). Furthermore, the solar sail captures photons from the sun in the solar

wind utilising their momentum from the formula:
p_h
2

Where:
P = momentum of a photon; h = Planck’s Constant and A= wavelength of the Light

This thrust propulsion system typically has 5 newtons of force for an 800 by 800 solar
sail at the earth’s distance from the sun but without the presence of air friction it is a
viable propulsion method that must be optimised, with the added benefit of carrying no

fuel Mautner, 1995).

3.1.2 FEA and Physical Test
To optimise future designs, after initial designs and prototyping of a test version, two
companies were utilised that specialised in FEA to carry out separate studies to

correlate differing FEA models to utilise the best simulation for further work.

3.1.2.1 Physical Plan
Three phases were chosen to test the solar sail prototype as part of a ground test

programme

¢ Boom components
e Solar sail component

e Full subsystem.
The tests were carried out in the relevant conditions

¢ Environmental pressures and temperatures (these are pre validated conditions
from previous missions and experiments)
e Solar flux loads

e Vibrational tests.

3.1.3 The Boom Test

The boom test will be looked at in more detail.
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Support fixture

Gravity-offload system

Spreader system

Inflatable boom

Figure 6 Boom Section and spreader system schematic (Sleight et al, 2005)

The boom is semi monocoque inflated to increase rigidity it is constructed from
composite materials. The boom must resist bending from the solar flux that is simulated
in figure 5. The boom also has the sail spreader system as part of its construction. The
sail spreader imparts the torsional bending from the solar flux. The physical test
simulates the difference in gravity with the gravity offload system. The entire chamber
can mimic the environmental pressures and temperatures seen whilst the apparatus
applies loads and predicted extremes of vibration due to harmonic effects predicted from

previous experience.

The physical test is performed on scaled down prototypes. The materials in question are
non-isotropic and the NVH element has many varied boundary conditions and differing

material joints making it a complex nonlinear solve.
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The results were taken from the tests with photogrammetry and proximity sensors to
measure the deflections and load cells were used to measure loads. An electromagnetic
exciter was used to simulate vibrations with an accelerometer measuring the vibration

data and high-speed cameras measuring frequencies.

3.1.4 The FEA

The FEA was carried out in two separate software packages by two independent

companies to obtain the most accurate solution.

3.1.4.1 ABAQUS
The solution obtained through the ABAQUS software package had the following options

selected to model within the software package

e No compression material behaviour of the composite
o The rings on the boom were concentrated masses

e Multi point constraints (to measure connections).

3.1.4.2 NEiNastran
e Rigid elements (to measure connections)

e Directional limited constraints.

3.1.4.3 Both teams’ software application
e The gravity off load system was not explicitly modelled as that was not available
until post physical testing.
¢ Point forces were used to represent weight of the test apparatus connection
points.
e Material properties were provided by the manufacturer.
e Nonlinear analysis was performed.

e Similar loading cycles of pretension then the force raised until full load.

7\

Boom constraint

FAW )

(a) NEiNastran model. (b) ABAQUS model.

Figure 7 FEA Models (Sleight et al., 2005)
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Figure 7 shows the different constraint methods chosen by each team.

3.1.5 Correlation

Initial tests were concluded in FEA and comparisons were made with real data. Post
comparison the FE models were adjusted and updated to improve correlation. Both FE
packages predicted different results bellow shows the correlation for horizontal

deflection.

0.8 4

b+ A./\/
—— Test Data
=0 NEiMastran (Pre-Test)
== MEiMastran { Posi-Test)
=0= ABAQUS (Pre-Test)
=t~ ABAQUS (Post-Test)
-%- NEiMastran (Boom Tubc)

0.4 4

Mo malized horizontal bending load

0.0 02 0.4 0.6 [ 1.0
Normalized horizontal boom tip deflection

Figure 8 FEA and Physical correlation result horizontal deflection (Sleight et al., 2005)

With the real test data available deflection caused by the apparatus for the ground test
was updated in the models. The modulus between the boom ribs was also updated.
Figure 8 shows NEiNastran software was able to model the boom accurately for

horizontal deflection.

10
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— Torsion Test |
Torson Test 2
=0~ NEiMastran (Pre-Test)
== MEiMastran (Post-Test)
=0~ ABAQUS (Pre-Test)
=t ABAQLIS (Post-Test)

Normalized vertical bending load

B . S
/] 0.2 0.4 0.6 08 1

Normalized vertical boom tip deflection

Figure 9 FEA and Physical result vertical deflection (Sleight et al., 2005)

With the improved modelling the ABAQUS FE had the best correlation with vertical

deflection.
3.1.6 NVH
Table 3. Comparison of test and FEA frequencies for 10-m beam structural assembly vibration test.
Mode Test Frequency (Hz) MNEiNastran Frequency (Hz) ABAQUS Frequency (Hz)
1 1.38 087 (-37.0%) 1.20 (-15.0%)
2 4.65 4.71 (+1.3%) 3.59(-22.3%)
3 9.00 T.79(-13.4%) T28(-19.1%)

Table 3 shows the results for the corrected models. This shows the difficulties when
correlating nonlinear models with NEiNastran achieving very accurate results in mode
2 but having the worst correlation in mode 1. The difference in frequencies could be due
to the effect the gravity offload system in the test data, as that has not been accounted
for, although the difference between the two FE models in mode 1 is 22%, which is not

unexpected in a complex modelling process (Parambil and Gururaja, 2017).

3.1.7 Conclusion

Validation of FE models is required especially in bespoke expensive critical applications
such as these (Vulpetti, Johnson and Matloff, 2015). Correlation of the test data should
improve any future larger scale modelling, reducing the cost of repeated prototyping.
Correlation is often achieved by changing conditions or material properties to match real
world results until a reasonable trend is achieved (Elruby and Nakhla, 2019). These

results show that although both models showed improvements in results with

11
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correlation and each had its own advantage which can be attributed to user adjustment

or software modelling.

12



Ryan James Can FEA replace physical testing? M6X00420 0751093

4 Part 3 Will FE Analysis Replace Physical Tests

4.1 Advantages of FEA

FEA and CAE provide a faster more accurate pre prototype design process (Engelhardt
et al, 2019). When results have been correlated, the model can be adjusted with
reasonable confidence of the final part having a similar trend to the changes made FEA

model.

4.2 Advantages of Physical testing

Physical testing, when carried out in way that accurately represents real world
conditions, gives the designer confidence in the accuracy of their FE model and their
chosen design to a higher degree than just FE as the FE model may not be
representative of complex non-isotropic and nonlinear conditions (Chen et al, 2013).
Physical testing also gives consumers and regulators confidence in the product (Ong and

Huang, 2017).

4.3 Case Study

The European New Car Assessment Programme (NCAP) aims to create robust tests to
emulate real world conditions and their affect on vehicle occupants. The tests they
perform have been correlated against actual road traffic accidents and the risk to
occupant injury have been compared by the Swedish national road administration in
“How Do Euro NCAP Results Correlate with Real-Life Injury Risks? A Paired
Comparison Study of Car-to-Car Crashes”(Lie and Tingvall, 2002). Higher NCAP scores
are an incentive to vehicle manufactures. However, this creates a risk that designers
will work to the test target rather than the underpinning values of the scoring system in

creating an all-round car of improved safety.

nurnl:nE:r"l
of impacts

equal mass f{s)=f(s)
5

l unequal mass f(s)
W
", S,
ﬂ\\{_.umqual mass f(s)
'.f\\\\
", i._\_“__ -
e,

- 'i:'1_1pact EEveﬁty

Figure 10 Effects of mass (Lie and Tingvall, 2002)
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Figure 10 shows how the results were adjusted when two vehicles of differing mass
collide compared to the collision of two of equal mass. The study looks at the result from

a lower mass car receiving an impact from a higher mass car.

—a— =2 ST
Relative risk e B

0.6

05 p-

0.4

0.3

0.2 F—

a0 a0 100 1o %dv pan

Figure 11 fatality risk against change in relative velocity (Lie and Tingvall, 2002)

Figure 11 shows greater than 100% velocity due to the lower mass car being knocked
back in the impact. The study shows that the relative risk is lower in a higher NCAP

scoring car. This shows that higher scores correlate with safer cars. The data sample

was small so the results may not be a true reflection of NCAP safety standards as the
number of accidents in Sweden with data available from traffic cameras and car

diagnostics was unfortunately low.

4.4 Conclusion

In many applications FEA is unlikely to replace physical testing. Standards for products
are defined by physical tests from car NCAP safety ratings to EU toy safety directives.
Physical testing, such as NCAP, where ratings are awarded, aim to drive improvements
in design allowing manufactures to achieve higher than base scores to improve occupant
safety and also consumer confidence. Furthermore, when any bespoke item, such as the
solar sail described, extensive testing will be needed to meet requirements as previous
data to correlate against is not available. Advances in software, computing power and
building up a library of correlated results may result in only needing to carry out final
product testing in the future, but for many current applications that is not possible,
especially with the impurities and problems caused by production techniques (Chen et
al, 2013). Further, other factors such as technological developments, changes to costs of
materials used in components can lead to significant redesign potentially rendering
previous results obsolete (as materials and techniques change new FEA to physical
correlation is needed) (Jinlong et al,, 2020). Reliable and appropriate FEA models
provide a lower cost method of adjusting designs as they require no tooling, materials, or

manufacturing time.

14
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5 Evaluation

The focus of this paper has been solely on the advantages of FEA and Physical testing.

Assumptions have been made:

e The correct sensors are selected and applied for physical testing.

o The physical test accurately represents real world conditions.

e The correct mesh size is selected balancing computational time with accuracy.

o The correct Element shape is selected for the geometry.

e The correct boundary conditions are selected

o The correct mathematical model is selected avoiding truncation error when the
derivative constant (flux) is not corrected.

o The correct mesh is selected avoiding floating point error that can occur between
two different shaped elements calculating in base 2 from a base 10 formula.

e The correct material properties have been selected.

The above list show that a good understanding of engineering and mathematical
principles is required to carry out physical and simulated analysis. Furthermore,
additional computational errors require an FEA engineer to have a basic understanding

of the pitfalls of discretisation of a problem.

15
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