A Strategy for Teaching Finite Element Analysisto Undergraduate
Students

Gordon Smyrel, School of Computing and Mahematics, University of Teessde

The andytica power and design flexibility offered by the Finite Element Method (FEM) is dl too
readily masked from the firg time user, by its inherent complexity. The steep learning curve can
gppear daunting when the method is first encountered, and FEM needs to be sengtively introduced,
with carefully graded examples if students are not to be put off the subject completely. Partly the
problem lies with the available software, which until recently has been based around UNIX and
workstation protocols. With the advent of Windows NT, chegper memory and faster and larger
hard disks, some programs are beginning to have a more “user-friendly” look and fed, and this can
be used to good effect when teaching the subject to undergraduates.

At one extreme the presentation has involved students ploughing though pages and pages of
mathematics before being exposed to any meaningful examples. Even then, the data entry has often
been less than idedl, necessitating laborious button pressing and correction of frequent typing errors
because the software lacked a good graphical interface and modelling tools. In other cases the
treastment of the subject has involved nothing more than the presentation of a dide show; no hands-
on experimentation has been dlowed.

In an effort to avoid both of the above extremes the author has developed a Strategy which he
believes enables students to experience for themsaves how beneficid FEM can be, whilst at the
same time grounding them in how to avoid the many pitfals and dangers. In essence, the dtrategy
uses the following guiding principles

% UseLUSAS, acommercial package that is Windows NT based

X/
°

Use open ended examples
+ Get sudents working in groups to develop ateam-working approach to problem solving

s+ Concentrate upon the development of quality assurance processes and good practice rather than
theory

%+ Theory is only introduced when deemed necessary to a correct understanding of how to apply
the method to red situations

X/
°

Investigate the parameters which determine an appropriate bal ance between accuracy, efficiency
and cost-effectiveness

+ Deveop an understanding of when and how to use FEM in acommercia environment

Students are firg given some training in the use of LUSAS, which involves guiding them through a
gample dadtic example that illusrates many of the package's features. This can normaly be
completed in about 2 hours of hands-on practice.

Page 1 CS501 - Issue 1



Referring to an example that is actualy used in the author’ s teaching will best illugtrate the application
of these principles. Consider the following seepage problem:

L 24 m

L 4

16m
Clay cutoffwall — |
parmesability: sml =
0.0001 mmis
12 m
Orthotropic soil 008 mnys 4-:]4—3-'10-»
permeability £ 1
E
I':é'_
=

S i T T T T o o o e o o i o
™ o L

Impervious buundary
Fig. 1 - Concrete Gravity Dam with Clay Cut-off wall
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Students are asked to investigate the following:

a) Thedifferent waysin which the geometry of the model can be constructed

b) How to choose the best element type

¢) Theinfluence of mesh topology upon accuracy and efficiency

d) Boundary conditions, e.g., how far to right and left should the soil be moddled
€) The effect of changing the cut-off wall depth

f) How best to interpret and present the results

g0 How can the FEM answer be checked?

h) Influence of flow rates upon soil gability

Students are asked to think about what further analysis they would recommend and to reflect upon
the experience they have gained.
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Students are aso told that they will not be able to answer al of these questions by working on their
own. They must work collaboratively and share their results if they are to complete the assignment
successfully. In addition, students are encouraged to go to the library and read relevant articles on
this area of study.

Although there is no one “correct” answer, the following discusson shows how a typicd andysis
might proceed.

LUSAS is a highly advanced modelling tool and affords the engineer with a plethora of tools that
dlow amost any configuration to be generated. However, it is dways best to start with as ample a
concept as possible, and the following, Smple arrangement of surfaces will probably prove to be the
garting point for most students:

L

Fig. 2—Dam modd using rectangular surfaces

This subdivison of the mode domain into rectangles is the smplest way of building the necessary
boundary geometry but has the drawback that the mesh is condrained by the lines forming the
surfaces. LUSAS can control the mesh dengty in a number of ways, but the Smplest is to specify
ether the number of eements or the ement length dong the lines bounding the surface. If the latter
isused and the eement length set to 1.5m, the following regular mesh results

{

L

Fig. 3—Mesh (and contours of potentia), with eement length set to 1.5m

The elements that have been used are 8 noded isoparametric; it is at this stage that the significance of
this is explained to students. The fact that these eements are quadratic means that they mode the
digribution of potential more accuratdy that the dternative 4 noded, linear ones.

Altering the mesh densty in order to explore its effect, is a Smple matter of changing the dement
length. Setting dement length to 0.5m gives the mesh shown in Fg. 4. The dteration takes a matter
of seconds, and thus makes the investigation of the effect of mesh dengity upon accuracy extremely

easy.
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Fig. 4 — Mesh with dement length set to 0.5m

Now the student must consider how best to present the results. Plots of contours are a common and
very ussful means of showing how the head of water is disspated throughout the soil. Setting
LUSAS to plot line contours a intervas of 1, gives a diagram smilar to tha shown in Fig. 3.
However, by way of comparing the effects of mesh dendty, it is dso indructive to plot dement
length againg cdculated flux (volume of seepage). An EXCEL plot of this is shown in Fg. 5. In
order to do this the students mugt first discover how to calculate the weter flow rate in addition to
amply plotting the contours. They must then use a preadshect to create the graph.
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Fig. 5- Excd plot of eement length againgt calculated flux (volume of seepage)

The smdlest dement size used was 0.25 m. This required a reasonably powerful PC and took a
long time to andlyse. As can be seen, atrend line can be super-imposed to “predict” the likely “true’
vaue. However, the difference between the answer given by setting eement size to 2.0 m and the
trend line's prediction is only 0.26%.

At this stage, the students are encouraged to ask how the mesh might be more efficiently
congructed, and what they think might affect the accuracy of the result. The most obvious comment
isthat the digtribution of the contoursis not uniform; they are more tightly packed in the region of the
cut-off wall and at the corners on the underside of the dam. A better mesh would resemble that
shown in Fig. 6, where the element density has been increased in these aress.
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Fig 6 —Firg Irregular Mesh

The dements are no longer rectangular, and this alows variation across the domain to be more
eadly managed. However, it needs to be pointed out that there is a price to be paid. The closer to
Quare an dement’'s geometry, the more accurate is it's behaviour. This said, as shdl be
demondtrated later, the trade-off is distinctly in favour of the irregular meshing technique being used
here, s0 long as the elements don’t become unreasonably distorted. In order to congtruct this mesh,
the generating surfaces have to be dtered to those shown in Fig. 7.

Fig 7 — Surfaces used to generate the mesh in Fig. 6

The reason for this change can be seen in the left-hand portion of the modd, where the line forming
the edge of the surface can Hill be seen in the resulting mesh. In other words, if the origind surface
st of Fig. 2 had been used, the resulting mesh would have been restricted and less fredly adjustable.
The surfaces in Fig. 7 are NOT the only posshbility, but merdy serve to illudrate the types of
solution that are possble. One congtraint on where surfaces may beis the location of the clay cut-off
wall, where materid properties are different.

A further complexity must now be introduced. Rather than setting the eement length to a single
vaue, the densty of mesh dong surface edges must be controlled in a more flexible manner. Without
going into too much detall, this is accomplished in LUSAS by varying the mesh spacing dong the
lines forming the edges of the surfaces.

A number of different meshes can thus be explored, such as those shown in Fig. 8. The main
differences between these meshes lie in the dengty of eements through the cut-off wall and around
the corners a the base of the dam. In addition, the rate at which element gze variesis limited, Snce
the FEM doesn't react kindly to sharp changes in eement size.
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Fig. 8a- Second Irregular Mesh
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Fig. 8b - Third Irregular Mesh

Fig. 8c - Fourth Irregular Mesh

In order to compare the performance of the irregular with the regular meshing a plot of number of
elements versus water flow can be constructed as shown in Fig. 9:
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Fig. 9 — Comparison of irregular with the regular meshing

Attention should be drawn to the relative efficiency of the irregular technique and questions asked
about why this might be so. Chief among these reasons is the way in which the mesh can be made
more dense in regions of rapid contour variation, such as through the cut-off wall.

Once a mesh has been identified that produces acceptable results, the students are encouraged to
explore some of the other design parameters. Take for example, the right and left soil boundaries.
The problem as set ddiberately doesn't give any guidance concerning how far from the toe of the
dam to modd the soil. The meshes shown in Fig. 10 show atypica attempt &t this exploration, while
Fig. 11 shows agraph illustrating the varietion.
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Fig. 10 - Meshes exploring distance from toe of dam
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Fig. 11 — How rate variation with distance from toe of dam

Many students will be surprised a the occurrence of a pesk flow for a mesh moddling
gpproximately 20 m from the toe of the dam. The usud expectation is that as the modelled distance
isincreased, the flow rate will get grester, though in an asymptotic fashion — gpproaching the “right”
vauethat is assumed to occur when the modelled distance isinfinite.

Explaining this phenomenon will involve the sudents in asking fundamenta questions about FEM.
For example the representation of the left and right boundary conditions in the meshes illudtrated
here assumes that usng impermeable conditions is satisfactory. Clearly, thisis serioudy flawed, and
in attempting to explain why, students will need to condder the way in which the didribution of
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contours changes as the distance increases. The rate of change of pressure close to the upstream
and downstream surfaces is greater a 20 m than at 40 m. Whilst this corroborates the cal culated
flow rate it doesn't explain it. However, this observation gets the students thinking along the right
lines

At this gtage, analogies from other areas known to the student may be helpful. Treeting the left and
right boundaries as impermesble is smilar to the effect of confining the flow of water in a channd.
The hard ddes of the channd can act as reflectors of pressure and cause many unusua phenomena
such as standing waves and raised surface levels. An effect smilar to this is producing the raised
flow rate that is observed. However, this should then raise the question of whether or not there isan
dternative to the impermeable conditions assumed. There is no right answer to this question, but the
use of atied congraint equation as shown in Fig. 12 can produce the desired effect of extending the
boundary without a large increase in the number of ements in the modd. It has the drawback of
requiring a little extra effort to st it up, but LUSAS makes this rdativedy smple and easy to
accomplish by generating the necessary equations automeaticaly.

Fig. 12 — Use of atied congtraint equation to reduce number of elements

While one member of the group investigates the effect of distance on water flow, another student
may look at the effect of depth of cut-off wal. Fg. 13 illustrates atypicd investigation of this.
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Fig. 13 — Effect of Cut-off wall depth on contour distribution
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Alternaively, the following Excel chart may be plotted to illudrate the effect of cut-off wall depth:
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Fg. 14 — Effect of cut-off wal depth on flow rate

The sharp dip in the line past a depth of 10 m needs to be commented upon, Since it may indicate
the posshility of “piping”. This would need to be investigated. However, time may not permit and
students can get round this by observing that it is unlikely that a cut-off wall would be stopped short
of the impermegble layer by only 0.5 m.

Conclusion

Experience of teaching in this way has shown that not only do students enjoy the learning process,
but aso they develop a better appreciation of the potentid afforded by FEM. In addition they gain
an undergtanding of when and where to use the method and how to interpret the results that it
produces.
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