Introduction to FEM

21

FEM Program
for Space Trusses

IFEM Ch 21 —Slide 1




Introduction to FEM

The Three Basic Stagesof a FEM Program
Based on the Direct Stiffness M ethod

Preprocessing : defining the FEM model

Processing : setting up the stiffness equations
and solving for displacements

Postprocessing : recovery of derived quantities
and presentation of results
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Introduction to FEM

Space Truss Demo Program

User prepares Problem
script for each g Driver v
problem 7 Utilities
. Tabular Printing,
ADnraill\yesrs —> Graphics, etc
v
v v Y v
BC uilt in Internal
Assembler Application E%‘éﬂg’” For ce Recovery
l Presented in l
Element LZ% Chapter 20 Element Int
Stiffness Forces

Element Library

_______________________________________________________________________________________
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Introduction to FEM

Next: Master Stiffness Assembler

v
v
4 4 \ v
Assembler
Element
Stiffness

_______________________________________________________________________________________
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Introduction to FEM

Space Truss Assembler

SpaceTrussMaster Sti ff ness[ nodxyz_, el enod_,
el emat _, el efab _, prcopt _]:=Modul e[

{nunmel e=Lengt h[ el enod] , numod=Lengt h[ nodxyz] , nel dof,

e,eftab,ni,nj,i,j,ii,jj,ncoor, Em A, options, Ke, K},

K=Tabl e[ O, { 3* numod}, { 3* numod}] ;

For [e=1l, e<=nunele, e++, {ni,nj}=elenod[[e]];
eftab={3*ni-2,3*ni-1,3*ni,3*nj-2,3*nj -1, 3*nj };
ncoor ={ nodxyz[[ni]],nodxyz[[nj]]};

Emrel emat[[e]]; A=elefab[[e]]; options=prcopt;
Ke=SpaceBar 2Sti f f ness[ ncoor, Em A, opti ons] ;
nel dof =Lengt h[ Ke] ;

For [i=1, i<=neldof, i++ ii=eftab[[i]];
For [j=i, j<=neldof, j++, jj=eftab[[j]];
KD v =k gyl +=kef i, 311 1
l; Reiurn[m;

l;

(Space truss element stiffness module
omitted, presented in Ch 20)
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Introduction to FEM

Space Truss Assembler Test

Cl ear Al | [ nodxyz, el enat, el ef ab, el eopt];

nodxyz={{0, 0, 0}, {10, O, 0}, {10, 10, 0} };

el enod= {{1,2},{2,3},{1, 3}};

el emat = Tabl e[ 100, {3}]; elefab= {1,1/2,2*Sqrt[2]}; prcopt= {Fal se};
K=SpaceTrussMast er Sti f f ness[ nodxyz, el enod, el emat, el ef ab, prcopt];
Print["Master Stiffness of Exanple Truss in 3D:\n", K/ /MatrixForm;
Print["eigs of K ", Chop[Ei genvalues[NK]]]];

Master Stiffness of Example Trussin 3D:

20 10 0 -10 O O -10 -10| O
10 10 0 O O O -10 -10| O
0 O 0 O O 0 ©O 00
-10 0 O 10 O O O 0] O
0 O 0 O 5 0 0 5|0
0 O 0 O O o0 oO 00
-10 -10 0 O O O 10 10 | O
-10 -10 0 O -5 O 10 15| O
0 O 0 O O 0 ©O 0] 0

eigsof K: {45.3577, 16.7403, 7.902, 0, O, O, O, 0, 0}
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Assembler Test Uses Example Plane Trussin 3D
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Introduction to FEM

Next: Application of Boundary Conditions

v
v
\/ v \/ v
BC
Application
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Introduction to FEM

Application of Displacement BCs

Modi fi edMaster Stiffness[nodtag , K] := Mdul e[
{i,],k,n=Lengt h[ K], pdof, np, Knod=K},
pdof =Pr escDi spl acenent DOFTags[ nodt ag] ; np=Lengt h[ pdof];
For [ k=1, k<=np, k++, i=pdof[[Kk]];
For [j=1,j<=n,j++, Knod[[i,]]]=Kmod[[]j,i]]=0];
Knod[ [i,1]]=1];
Ret ur n[ Knod] ] ;

Modi fi edNodeFor ces[ nodtag _, nodval ,K ,f ]:= Mdul e[
{i,],k,n=Lengt h[ K], pdof, pval , np, d, c, f nrod=f},
pdof =Pr escDi spl acenent DOFTags|[ nodt ag] ; np=Lengt h[ pdof];
pval =Pr escDi spl acenent DOFVal ues[ nodt ag, nodval | ; c=Tabl e[ 1, {n}];
For [k=1, k<=np, k++, i=pdof[[k]]: c[[i]]=0];
For [k=1, k<=np, k++, i=pdof[[k]]; d=pval [[K]];
frod[[i]]=d; If [d==0, Continue[]];
]For [i=1,j<=n,j++ frod[[j]]-=K[[i,jl1*c[[j]]*d];
Ret urn[ f nod] ] ;

Restriction: single freedom constraints only. However, logicin
M odifiedNodeFor ces accounts for nonzero prescribed displacements.
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Test BC Applicator

Introduction to FEM

CearAl[K f,vl, v2, v4]; KmrArray[ K {6, 6}];
Print["Master Stiffness: ",Knml/MatrixForm;

nodt ag={{1, 1}, {0, 1},{0, 0}}: nodval ={{v1,v2},{0, v4},{0, 0}};

Knmod=Mbdi fi edMast er Sti f f ness[ nodt ag, Knj ;
Print["Mdified Master Stiffness:", Knrod// Matri xForn;
fmeArray[f,{6}]; Print["Master Force Vector:",fnj;

f rod=Modi f i edNodeFor ces[ nodt ag, nodval , Km fnj ;
Print["Mdified Force Vector:", frod//Mtri xForni;

KIL1 K[L2 K[L3 K[L4 K[L5 K[L 6]

K21 K[22 K[23 K[24 K[25 K[2 6]

| K31 K32 K33 K[34 K[3.5 K[3 6
Master SUffness: |\ /4 1] K[4.2] K[4.3] K[44 K[45 K[4 6]
K[5,1 K[52 K[53 K[54 K[55 KI5 6]

K[6,1] K[6,2] K[6 3 K[6 4 K[6.5 K[6, 6]

10 0 0 0 0
o1 0 0 O 0
Modified Master Stiffness: | 0 0 KI[3,3] 0 K[3,5] K[3, 6]
00 0 1 O 0
0 0 K[53 0 K[55 KI[5,6]

0 0 K[6,3 0 K[65 KI6 6]
Master Force Vector: { f[1], f[2], f[3], f[4], f[5], f[6] }
vl
v2
Modified Force Vector: | f[31 ~V1KIL, 3] _V42 K[2, 3] -v4K[4, 3]
Y
f[5] —VL1K[L 5] -v2K[2,5] —Vv4K[4, 5]
f[6] —V1K[L 6] —v2K[2, 6] —Vv4K[4, 6]
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Introduction to FEM

Equation Solver Need Not be Discussed

v
v
\4 Y v v
Built-1n
Linear

Equation

l Solver l
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Introduction to FEM

Next: Internal Force Recovery

v v \ v

Internal
Force Recovery

Element Int
Forces

_______________________________________________________________________________________
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|nternal Force Recovery

Introduction to FEM

SpaceTr ussl nt Forces[ nodxyz _, el enod , el emat _, el efab_,
noddi s_, prcopt ]:= Mdule[{ numod=Length[ nodxyz],
nunel e=Lengt h[ el enod], e, ni, nj, ncoor, Em A, opti ons, ue, p},

p=Tabl e[ O, { nunel e}] ;

For [e=1, e<=nunele, e++, {ni,nj}=elenod[[e]];
ncoor ={ nodxyz[[ni]], nodxyz[[nj]]};
ue=Flatten[{ noddis[[ni]],noddis[[nj]] }1];

Enrel emat[[e]]; A=elefab[[e]]; options=prcopt;

p[ [ e] ] =SpaceBar 21 nt For ce[ ncoor, Em A, ue, opt
l;
Return[p]];

| ons]
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Introduction to FEM

Element Level Internal Force Recovery

SpaceBar 2l nt Force[ ncoor _,Em , A ,ue_,options_]:= Mdul g
{x1,x2,y1,y2,21,z2,x21,y21, z21, EA, nuner, LL, pe},
{{x1,y1, z1},{x2,y2,z2}}=ncoor; {x21,y21, z21} ={ x2-x1,y2-y1l, z2-z1};
EA=Ent A; {nuner}=options; LL=x21"2+y21"2+221"2;
I f [nuner, {x21,y21, z21, EA, LL} =N {x21,y21, z21, EA LL}]];
pe=(EA/LL) *(x21*(ue[[4]]-ue[[1]]) +y21*(ue[[5]]-ue[[2]]) +
+z21*(ue[[6]]-ue[[3]]));

Thisispart of the element library
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Introduction to FEM

Space Truss Internal Force Recovery Tester

Cl ear Al | [ nodxyz, el enod, el enat, el ef ab, noddi s] ;
nodxyz={{0, 0, 0}, {10, O, O}, {10, 10, 0}}; elenod={{1,2},{2,3},{1,3}};

el emat = Tabl e[ 100, {3}]; elefab= {1,1/2,2*Sqrt[2]};

noddi s={{0, 0,0}, {0,0,0}, {4/10,-2/10,0}}; prcopt={Fal se};

el ef or=SpaceTr ussl nt For ces[ nodxyz, el enod, el emat, el ef ab, noddi s, prcopt];
Print["Int Forces of Exanple Truss:",elefor];

Print["Stresses:", SpaceTrussStresses| el ef ab, el efor, prcopt]];

Int Forces of Example Truss: { 0, -1, 2*Sgrt[2] }
Stresses: { 0, -2, 1}

This script also tests module SpaceT r ussStr esses,
not shown inthese dides asit isvery ssimple
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Introduction to FEM

Next: AnalysisDriver

Analysis
Driver
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Introduction to FEM

AnalysisDriver Module

SpaceTrussSol uti on[ nodxyz _, el enod_, el emat _, el ef ab_, nodt ag_, nodval _,

prcopt _]:= Mdul e[ {K, Knod, f, f nod, u, noddi s, nodf or, el ef or, el esi g},

K=SpaceTrussMast er Sti f f ness[ nodxyz, el enod, el emat, el ef ab, prcopt];

(* Print["eigs of K=", Chop[Ei genvalues[NK]]]];: *)

Knod=Modi fi edMast er Sti f f ness[ nodt ag, K] ;

f =FI at NodePar t Vect or [ nodval ] ;

f rod=Modi fi edNodeFor ces[ nodt ag, nodval , K, f];

(* Print["eigs of Knobd=", Chop[ Ei genval ues[ N[ Knod]]]]; *)

u=Li near Sol ve[ Knod, f nod] ; u=Chop[u]; f=Chop[K u, 10.07(-8)];

nodf or =NodePart Fl at Vector[ 3, f]; noddi s=NodePart Fl at Vector[ 3, u] ;

el ef or =Chop[ SpaceTr ussl nt For ces[ nodxyz, el enod, el emat, el ef ab,
noddi s, prcopt]];

el esi g=SpaceTrussStresses| el ef ab, el ef or, prcopt];

Ret ur n[ { noddi s, nodf or, el efor, el esi g}];
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Introduction to FEM

Next: Problem Driver

User prepares Problem
script for each g Driver
problem 7
v
\/ v \/ v
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Introduction to FEM

Six-bay Bridge Truss Example
(A Plane Truss, but Modeled in 3D)

(a) Elastic modulus E = 1000
Cross section areas of bottom longerons. 2,
top longerons: 10, battens. 3, diagonals. 1 top jointslie

on parabolic
profile
9

span: 6 bays @ 10 = 60

(4) 5 11 ()

9 \

z out of paper toward you
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Introduction to FEM

Bridge Problem Driver:
PreProcessing Script (top of driver cell)

NodeCoor di nat es={{0, 0, 0}, {10, 5, 0}, { 10, O, O}, { 20, 8, 0}, { 20, O, 0}, { 30, 9, 0},
{30, 0, 0}, {40, 8, 0}, {40, 0, 0}, {50, 5,0}, {50, 0, 0}, {60, 0,0} };

El emNodes={{1, 3}, {3,5},{5, 7}, {7, 9}, {9, 11}, {11, 12},
{1,2},{2,4},{4,6},{6, 8},{8, 10}, {10, 12},
{2,3},{4,5},{6,7},{8, 9}, {10, 11},

{2,5},{4,7},{7,8},{9,10}};

Pri nt SpaceTr ussNodeCoor di nat es[ NodeCoor di nat es, "Node coordi nates:",{}];

numod=Lengt h[ NodeCoor di nat es]; nunel e=Lengt h[ El enNodes] ;

Em=1000; Abot=2; Atop=10; Abat=3; Adi a=1;

El em\vhat eri al s= Tabl e[ Em { nunel e} ];

El enfabri cati ons={ Abot , Abot , Abot , Abot , Abot , Abot , At op, At op, At op, At op,

At op, At op, Abat , Abat, Abat , Abat, Abat, Adi a, Adi a, Adi a, Adi a};

Pri nt SpaceTrussEl ement Dat a[ El enNodes, El emvat eri al s, El enfabri cati ons,

"El ement data:",{}];

ProcessOpti ons= {True};

(* Plot statenents onmitted - interface bei ng changed *)

NodeDOFTags= Tabl e[{0, 0, 1}, { numod}];

NodeDOFVal ues=Tabl e[ {0, 0, 0}, { nutmod}] ;

NodeDOFVal ues[[3]]1={0, - 10, 0}; NodeDOFVal ues[[5]]= {0, -10, 0};

NodeDOFVal ues[[ 7]1]1={0, - 16, 0};

NodeDOFVal ues[[9]]={0, - 10, 0}; NodeDOFVal ues[[11]]={0, -10, 0};

NodeDOFTags[[1]]= {1, 1, 1}; (* fixed node 1 *)

NodeDOFTags[ [ nutmmod] ] ={0, 1, 1}; (* hroller @node 12 *)

Pri nt SpaceTrussFreedomActi vi t y[ NodeDOFTags, NodeDOFVal ues,
"DOF Activity:",{}];
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Bridge Problem Driver:
Preprocessing Print Output

Node coordinates:

node X-coor y-coor z-coor
1 0. 000000 0. 000000 0. 000000
10. 000000 5. 000000 0. 000000
3 10. 000000 0. 000000 0. 000000
4 20. 000000 8. 000000 0. 000000
5 20. 000000 0. 000000 0. 000000
6 30. 000000 9. 000000 0. 000000
7 30. 000000 0. 000000 0. 000000
8 40. 000000 8. 000000 0. 000000
9 40. 000000 0. 000000 0. 000000
10 50. 000000 5. 000000 0. 000000
11 50. 000000 0. 000000 0. 000000
12 60. 000000 0. 000000 0. 000000
1000 00 3. 00
%888 88 % 88 DOF Activity:
1000, 00 5 00 nod? X ta% y ta% z ta% x-val ue
1000. 00 2.00 2 0 0 1
1000. 00 2.00 3 0 0 1
1000. 00 10. 00 4 0 0 1
1000. 00 10. 00 5 0 0 1
1000. 00 10. 00 6 0 0 1
1000. 00 10. 00 7 0 0 1
1000. 00 10. 00 8 0 0 1
1000. 00 10. 00 9 0 0 1
1000. 00 3.00 10 0 0 1
L B
1000. 00 3.00 12 0 ! !
1000. 00 3.00
1000. 00 1.00
1000. 00 1.00
1000. 00 1.00
1000. 00 1.00

[elolololololololololele]

Introduction to FEM

y-value z-val ue

|
-
»
[eolojojololololololololo)}
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Introduction to FEM

Bridge Problem Driver:
Preprocessing Plots

bridge mesh

bridge mesh with elem & node labels
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Introduction to FEM
Bridge Problem Driver:
Processing & PostProcessing Script
(bottom of driver cell)

{ NodeDi spl acenent s, NodeFor ces, El enfor ces, El en5t resses} =
SpaceTrussSol uti on[ NodeCoor di nat es, El emNodes, El emvat eri al s,
El enfabri cati ons, NodeDOFTags, NodeDOFVal ues, ProcessOptions ];

Pri nt SpaceTrussNodeDi spl acenent s[ NodeDi spl acenent s,
"Conput ed node di spl acements: ", {}];

Pri nt SpaceTr ussNodeFor ces[ NodeFor ces,
"Node forces including reactions:",{}];

Pri nt SpaceTrussEl enfor cesAndSt r esses|[ El enfor ces, El enfst r esses,
"Int Forces and Stresses:",{}];

(* Plot statenents omtted - interface being changed *)
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node

OCO~NOUIRAWNE

10
11

Node
node

Bridge Problem Driver:

Result Print Output

Comput ed node di spl acenents:

Introduction to FEM

x—di spl y-di spl z-dis
0.000000 0.000000 0.000000
0.809536 -1.775600 0. 000000
0. 280000 -1.792260 0. 000000 | nt Forces and Stresses:
8'228883 7%'%?%288 8'888888 elem axial force axial stress
0.847500 -2.385940  0.000000 1 56. 0000 28. 0000
0. 847500 -2.421940  0.000000 2 56. 0000 28. 0000
0.795999 -2.291930 0. 000000 3 57.5000 28. 7500
1.135000 -2.316600 0. 000000 4 57. 5000 28. 7500
0.885464 -1.775600  0.000000 5 56. 0000 28. 0000
1. 415000 -1.792260 0.000000 9 28-2288 22'2898
1. 695000 0.000000 0.000000 z ~82. 8100 ~9. 2610
9 ~60. 3000 ~6. 0300
10 ~60. 3000 ~6. 0300
. . . 11 ~60. 0300 ~6. 0030
forces including reactions: 12 _62. 6100 _6. 2610
x-force y-force z-force 13 10. 0000 3.3330
0.0000 28.0000 0.0000 14 9. 2500 3. 0830
0. 0000 0.0000  0.0000 15 12. 0000 4. 0000
0.0000 -10.0000  0.0000 16 9. 2500 3. 0830
0. 0000 0.0000  0.0000 17 10. 0000 3. 3330
0.0000 -10.0000  0.0000 18 1.6770 1.6770
0. 0000 0.0000  0.0000 19 3.2020 3.2020
0.0000 -16.0000 0.0000 20 3. 2020 3. 2020
0. 0000 0.0000  0.0000 21 1.6770 1.6770
0.0000 -10.0000  0.0000
0. 0000 0.0000  0.0000
0.0000 -10.0000  0.0000
0.0000 28.0000 0.0000
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Bridge Problem Driver:
Result Plot Output

Deformed shape

Axial stresslevel

Introduction to FEM

<N
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Introduction to FEM

Space Trussfor Homework:
25-Member Transmission Tower

(a) Geometry, (b) Element numbers
node numbers 12
and support 2
conditions (applied 1 4 2 (14)joins 310 (s o
loads in Notes) ’T (20)joins 510« )
1
5 in 100in 13)_5
4
- 10
&
7
S . <)}0‘in 8
200in Material: Aluminum.

Modulus and cross section

node 2 ( 37.5,0,200) ..
node 1 (-37.5,0,200) properties in Notes

Coordinates:
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