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From last time,
Functions of the Element class

CalculateElementStiffness E 3

'\P(%(}MOS\ , T . WS

Parent (Element class)

‘ Calculate_ElementStiffness_Force() = @;

Parent does not have the implementation

class PhyElementBar : public PhyElement
{
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Calculate_ElementStiffness_Forc

PhyElementTruss: :Calculate_ElementStiffness_Force()

ke.resize(4, 4)
factor

In contrast to this virtual function (each subclass can have its
own implementation) we have normal functions.

Example:
Assembly

Independent of the element -> can be implemented at the element level.

At the element element, we have an implementation:

AssembleStiffnessForce(MATRIX&
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PhyElement: : AssembleStiffnessForce (M

< nedof; ++1)

j < nedof; ++j)

FEM Solver Objects: 4. Node: Data g g \
\

¢t d LQ N }
/ .. Beam i (\7\& %
o 1 Cleady; WioFng L

element, ~
h Ql of
@ coordinate: e.g., for n; the coordinate in the figure can be:
crdyy (n1) = {u u: @ wag‘\(

coordinate components are alway represented with respect to a coordinate system
(another geometry object we will not further discuss herein).
@ {ndof}: i.e, a "set” of dofs. Dof is a class being described next. It includes data such as — \<

being free or prescribed, position in global free or prescribed dofs, value (e.g.,

Quadrilaterial
solid + thermal
clement

We will not discuss functions for the node object

displacement), and force
@ nndof: Number of dof for the given node. Cj

397 / 456

set_nndof( K
Update“odePrescrlbedDofForce (
ID id;
VECTOR coordlnate;
PhyPof> ndof;

'FEM Solver Objects: 5. Dof: Data ‘ %@\(\ U
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FEM Solver Objects: 5. Dof: Data

{ i

Quadrilateria

solid + therma

clement

element, 7

Uy, (a5?)
5 § f=0
A i
Truss element
Quadrilateria
\‘l‘li:i thermal f \|‘ Beam vaita
clement
¢ element, 7
f .
1 )1 X 6 Us.(al™)
I\« 4 -
”ll rlay’' Ny 6 Usyag*) " )
2 f )] < ; X Jpla
. f \/
Examples of dof for the structure shown are:
VNV~
dof P pos v f field index
1 of ny true 1 unknown T -
3 of ny | false 1 unknown 0 U 2 &
l 3 of ns | false 10 unknown M 6 - (a vecml %‘CQ/ éa
2 of ng true 7 unknown U 2
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PhyDof
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Solution steps

We only code a simple case:

The steps for FEM solution are:

@ Set Element nodal dofs.

@ Set global dofs using element dofs.

© Compute n¢ from ndos and np and resize and zero stiffness matrix and force vector.
© Set global prescribed dofs.

©@ Set global free dofs.

@ Set dof (free + prescribed) positions.

Q@ Set F(Fy).

Q@ Set element dof maps M.

@ Set element (prescribed) dofs.

@ Compute element stiffness matrix and force vectors.

@ Assemble element stiffnesses and forces to global system.
@ Solve for (free) dofs a from Ka =F.

@ Assign a to nodes and elements.

@ Compute prescribed dof forces: F, (if needed).

@ Compute (if needed) output nodes and elements.

402 / 456

Frame
dofs: u, v, 0
Ndpn = 3

Truss
dofs: u,v

Ndpn = 2

@ FEM implementation become considerably simpler for problems where all elements are of
the same type (regardless of number of physics per element).

@ In this case, we define:

ndpn := Number of dof. per node denoted by ndofpn. (448)

@ There would be identity map between element nodal dof and global nodal dofs. That is,
there is the same set of dofs used for both.

@ Figure above shows two of such examples:
410 /456

TrussTest.txt

dim 2

ndofpn 2

Step 3: Set global number of dofs, stiffness, and force.
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dim 2

nNodes 3
id crd
1161.2
200
3028

By default every dof is free with zero force ->
Provide prescribed dofs

PrescribedDOF

np 3

node node_dof_index value
210.0

3105

320.0

Provide free dofs with nonzero forces

Step 4: Set global prescribed nodal dof

. o

[_no&. v S \ 3 U
LA N

~ W J > Sw
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noy | ¥ \ {
LS AR (Up <
Q 2
L ey 09| Q T
= [0S Ko2 IO R ) T
5 [ oy O ( e/
v (@Fe) o J\p 3
1 LEM ool Nap doiS [1’v.
PrescribedDOF
np 3
node node_dof_index value
210.0
3105
320.0
Step 5: Set global free nodal dof
We only need to provide free dofs that have nonzero force.
ek
~ 0Nk -
Nok | ¥ \ {
A €2 1 3 (Up < ] K =
N Yo T XD 3 fefp
: | %
W ool ol T
LY o g F> o
e oy o (T
teve] OO ¢ ﬂp 3
1 LEM ool Nap doiS [1’v.
— FreeDofs
annZeroForceFDOFs 1
node node_dof_index value
12-1.0
Step 6:
Step 6: dof positions;
oY
/f\ &de\,\\(QK)?
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Step 7: Set F(Fn)
I
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Step 6: dof positions; Step 7: Set F(Fy)

lal?

Quadrilaterial
solid + thermal
clement

f=0 f=M
v

@ After looping over all dofs the final values in load vector are:

F=[0 0 F 0 0 0 0 0 0 M]

posf = 0, posp = 0
for n = 1:nNodes
for dofi = 1: node(n).nndof num dof for node (n)
if node(n).ndof(dofi).p == true prescribed dof
posp = posp - 1;
node(n).ndof(dofi).pos = posp;
else free dof
posf = posf + 1;
node(n).ndof(dofi).pos = posf; q
F(posf) = node(n).ndof(dofi) f————> %@ r $
end M :€
end

end 415/ 456

Step 8: Element dof maps My

Ugy(al”)
Upalag') iy 0 fUstal)f =0
Uyi(as')

Uyy(al')

Quadrilatenal

solid + thermal
element ) .BO.M Ue
U Uyslafh) f=o0l es § \
Z - 6 Us ("
elal! LJua) Ugyial)) ,‘,l" i U, 5 e ,: ("_h '
»k o 5 (o} $ 0ele™)
2p.1 =0 F=M :ﬂ. “)

@ As mentioned, M is a vector of size n_ that maps elements dofs to global positions.
@ For element 1, dofs are ordered as (loop over nodes, then loop over dofs for the node):

» €1
8 G5 ¢ 49

[
=[Ty U Up |Ta Usa Uy |Ts Uzz Upa | Ty Uzs Uy |

@ We need to map these dofs to global dofs and have their position in M vector. For
example, 1st dof of node 1 (a;1 =T) is mapped to first dof of n3 which has position 2.

@ 2nd dof of node 3 (ag! = U,s) is mapped to 2nd dof of n; which has position 2(—2).
@ The map for element e is:

M:=[2 3 43 451215 6 7]
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Step 8: Element dof maps Mj: Simplified limited case

q"gﬁ:}-—i
Truss I.__n,.’ Frame L RERRRRY|
dofs: u,v = dofs: w,v,0 =@ ' G
Ndpn = 2 ® MNdpn = 3 : :
R ; o
@ .
ek Y
S
i ot
f\oBL v oS \J[ \ \
LT EECAR N } e
de| L' XD - f
4+ | 09| O ¢ j}’ -
2Bt 20 1 g D
L g2 oot ()
5ol MNap dols e
[-1,3,-2,-3] !
[-1,3,1,2]
[-2,-3,1,2]
AN
ne 3
id elementType matID neNodes eNodes
131¢
2310 D
33126 D

@TLW@ L2 = elaned = FUss
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Step 8: Element dof maps My: Simplified limited case

KH-‘%
z
r
Truss | . Frame EREEERRTRREN)
dofs: u,v = dofs: u,v,0 =||2 3
Ndapn = 2 (0) @® Ndpn = 3

@

A simplified pseudo code looks like: ecdof = 1 dof counter for element
for en = 1: neNodes number of element nodes
gn = LEM(en) global node number for element node en
for endof = 1: ndofpn This number is fixed now, e.g., 2 for 2D trusses
dofMap(ecdof) = node(gn).dof(endof).pos
gndof = endof, we bypass some steps here
ecdof = ecdof + 1  increment counter
end
end

Step 9: Set element dofs a®

veck ¢
e o™
noe | ¥ | S|y | ¢ \
| & L [<2 | o (UQ <3 t
Qe L [PT [N\IJ| sz ° "o
i+ | @9 O '} .
% 7o 19 “OA_
Wi T oy oz (fe) 2
S | Oof 4% ﬁp :
Z . \_.é‘("’“? \e
&
\Q)\ h 23 [13,23] ]:6‘5304'/05/ <G |
= [13,1,2] [0 /07 27, -O)
G\ [2:312 [[050 /0 )
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Step 9: Set element dofs a®: Simplified limited case
b s

Truss _u, Frame EREERREREREY
dofs: u,v = /A dofs: u,v.0 =2 !

. ' \ ‘
Ndpn = 2 7/ \@® Ndpn =3

/ \

" | 7% P2
Moo ) 7
@ Similar to steps 1, 2, and 8, step 9 can be greatly simplified if we assume all nodes share
exactly the same set of dofs.
@ Noting n4pn (ndofpn) = Number of dof per node, simplified merged steps 8 & 9 are:
dofs = zeros(nedof) ¢ td f r of
ecdof = 1 ter for
for en = 1: neNodes
gn = LEM(en)
for endof = 1: ndofpn T}

if (node(gn).dof(endof).p == true) f
dofs(ecdof) = node(gn).dof(endof).value;
end

dofMap(ecdof) = node(gn). dof(endof) pos
ecdof = ecdof + 1

end
end
422 / 456
Step 10: Compute element stiffness/force
Uyiay LEM = [35
naterial 1D Beam
1 A f element
ngvz

@ Almost all assembly of element stiffness/forces are done in a “black box".

@ That is, as far as assembly of local to global stiffnesses and forces are considered,
there is no need to know how the local stiffness matrix is assembled.

@ This is if an object oriented language is used, most of these functions are virtual
(i.e., different elements have different implementations for these computations
under the same function name).

@ For multiphysics problems the assembly of physics into the element is very much
similar to assembly of elements into the global system: Each physics assembles its
own part into element system which subsequently will be mapped to global system.

@ Types of information needed before element stiffness/force computations:
© Element type: e.g., truss or bar element; 1st, 2nd order, etc..
© Geometry: Geometry of element (e.g., L* for trusses).
© Material properties: Properties needed such as A and E for trusses.
423/ 456

setGeometry();
‘tIntﬂr‘nalfWa‘tﬂr‘lalepPr‘tlm
lculate ElementStiffness Force();

se
Ca
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ne::Calculate ElementStiffness_Force

kLocalCoordinate.

kLocalCoordinate

kLocalCoordinate ) 1 ) -al, kLocalCoordinate(3, 8) = -al, klLocalCoordinat
tmp = 12

kLocalCoordinate(1l, 1) = tmp, kLocalCoordinate(1l, -tmp, kLocalCoordinate(4, 1) = -tmp, kLocalCoordinat

tmp = 6 * L * a2;

PhyElementTruss::Calculate_ElementStiffness_Forc

factor;
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