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Hassani, B; Ganjali, A; Tavakkali, M; (2012) “An isogeometrical approach to
error estimation and stress recovery”, European Journal of Mechanics
A/Solids, 31, 101-109.
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**+/1S0 Error, Estimation - Compag Yisual Fortran - [C:\...\Subroutines\Main.for]

File Edit “iew Insert Project Buld Tools Window Help

Fa1 ¥ I% = ﬁ # B E %‘2 Eﬂt ‘lelc j #
s E El BT O
x| Frogram Iso Error Estimation
YWarkspace 150 Error Estimation’: 1 project(s] ~ u=e m=insl
= 150 Error Estimation files u=e Define
-9 Source Files licit
-5 Analysis implicit none
=423 2D Analysis call start
+ (7] Analysis_Main call Load_ DATA
+-[Z7] Stiffness .
+1.- (0] ShapeFunction if (ndime.eg. 2) then
+- [ DisplacementéStressCalculatio allocate (disp(npach, [Edive¥div),2))
[0 OutPut allocate (stptocinpach, (Edive¥div),.2), stress(npach. (Xdiv*¥div).4}))
H-423 3D Analysis . .
- [27 Analysis_Main3D call Isogeometric Analy=i=s 2D
+- (2] Stiffness3D ;
el=ze if (ndime.eg.3) then
+--[_7] ShapeFunction3D
+-[_7] DisplacementtStressCalaD allocate (dispinpach. (Ediv*Ydiv*Zdiv).3))
OutPutinaaD allocate (stptoc{npach, (Edive¥YdiveZdiv), K 3),
: &lgv; whna stress(npach, (Adiv*TdivZdiv), 6))
=43 Enmor Estimation call Isogeometric Analysis 3D
=423 2D Error Estimation .
+1-[Z7] Eror EtimationPlane end 1f
+-[_7] Eror Edfimationdsisymmetric
=423 3D Error Estimation if (Typel.eq.l .OR. Typel.eq.2) then
+1-[Z7] Eror Main3D
+ [ GaussSiress3D call Error EstimationPlane
: % E:;\:?%DHUDPDMISED =l== if {(typel.=eqg.3) then
(2] AnalyticalSolution3D call Error Estinationbs
+1-[Z7] DutPutEn30
+ Drefing
DLoad DATA for el=e if (typel.eg.4) then
v call Error Estimation3D
< >
- end if
\E] File¥iew .
| I—H ] - - -
I Build ' Debug Find in Files 1 Find in Files 2 | 4 |

Ready

ol sl 55515 5 S yesion! L) 4 Blae Jelos asli 5l IS sles -1 IS

! Analysis

2 Error Estimation
32D Analysis
43D Analysis

156



Gomd Jilas 5 (6970 ke cgrlane (23,S= 25 Jlas )3 o megiianl Ghgy slas 8591 5 Julow aeliy 5 ot 551 (3 e Cow g

25 &S bl oo gaman g (gomgs Bluw glas o5l gladslyy g gol s 5,60, iox
Ol Pluwo Glaz 055l p g e (25,5 -5 Plaw gl oy5lp 4 by slaasl »
NIV IR WP R 3&&4350 Flao sl 0)51)3 Cound O 26)9’“’

. . 4 i
(_S'LQML!)JJJ) o|).<>.€b QO 5;9.1)[.!3 Cownd Lgl.bc\.ol.)).’).s) 9 ¢ (59959 Lgl.ao&‘.) CA.SLA)Q L .L:j.gj.o d..cl.;).g ).’)

odnlive 1 S5 o a5 axdl o asliy ol gl ;50 3 0 ot c¥oles olfis > 4 by e

Dpdyee Sope ol asly ny Cend o sl p cal pled e LS Wigd s

Lol 00 dl.&‘bﬁYl.g)d o..\.:f:;é GW)‘ J.:).tb@).w.sdqd.cb\)a

GO 90 Julxi 4y b o sl 55 -1

@ dalol ol ool ooy lad gam 9o Judow 4 bgyye slaasly i 5l IS sl 2 s o
ol 00 M‘OJJ;M&‘ LgLQc\.oLs).s).:) )“5*’)-““"-‘-59 Tyl

=15 Analysiz

-3 2D &nalyzis
-3 Analysiz_Main

Aply_Main for

£ Stiffress
Stift&isyrametric. for
StiftPlane. for

3 ShapeFunction
ShapefunchionZD. for

9 DizplacementtStressCalculation
DispZ2D. for
Strezz2D for
Strezz2D0Axi for

£ OutPut
Olutpuat. far

G 55 Jelows 4y bgyye sloaalyy 5 -2 IS

1 Error EstimationPlane

2 Error EstimationAxisymmetric
32D Error Estimation

* Load_DATA for

® Define

® Solver

" Main.for
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=95 BB o om g0 Ldss ) sdel candy mls Olx 4 5 Cwed ol o 1 Output.for
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GO duw Jodori 49 bgo po (gl 5 -2

w5 6@9&“)@)&&){3@@@%&%5@1@};@0@@3Jga)oasjya;w

39*4‘5,0 6)‘53"" QT o)l.gjo G""?" )‘ aS Cewl 00l L.S.m.a ‘SQJLMA LQLQMU).;
G090 Pl glas 5550 3 4y bgsyo sladoliy 3 5-3
] 00l o0ly lis (gamgs Pl (gl o)ﬂﬁ G by bbby o)l S sles 4 S e

158



Gomd Jilas 5 (6970 ke cgrlane (23,S= 25 Jlas )3 o megiianl Ghgy slas 8591 5 Julow aeliy 5 ot 551 (3 e Cow g

el ool Sy G (pl Gladsli g 5l G e adlg o iS4 aslol o

-3 3D Analysiz
- Analyzis Main3D
Anly_Main3D far

£ Stiffness30
SHF3D. for

23 ShapeFunction3D
ShapeFunctional . for

£ DisplacementtStressCal3D
DizpaD. far
Strezz30 for

£ OutPutiinalD
Cutput30. far

G dw Lo 4 by e slaasly -3 IS

£3) Error E stimation
=3 Error E stimationPlane
=144 Error Main
Errar b ik, Far
£ GaussShess
E ExactGaussPointzStress20 for
¥] Gausspoints Strezs2D for
] REPMethod.for
E stressddRec. for
=13 Mew ContralPoints
3 AbarBbar for
3 steszZDRec for
-3 Emor
X enomarm. for
#] Integration. for
£ AnalvticalS olution
exactzoluztion. far
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3550 07035 SIGISO ko ;3 (owsS (505 SIS B 55 S yegisg !

5 oslitul slie , Was 3,01 is, sl 3Ls S,se sla el idw ol e ¢ REPMethod.for
.A.;flsn Cawdy dlog o 40 Jolw

S LSl blas jo 28b5b Jo 5l eowl cavss i polie cand (ol yo ! Stress2dRecG.for
g o0 0,5 SIGRECG iin [0 cwsS

398 bl ;) eoliiwl sl p Uas 5,910 @ bgpe sla el )b asbppy ool ,o @ AbarBbar.for
D95 50 drline [ San
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g o0 0,3 SIGREC i 10 el 00l aseie (605,9 J10
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=43 Emar E stimationdsisommetric
—1-4=3] Ermrar Maindx
Error bainds. for
£ GaussSiresshy
%] ExactGaussPointsStrezs20d. for
E GaussFPoints Strese20ubg, for
El Stresz2DRecGax for
-5 New ControlPaointsds
#] AharBhard for
#] Stress2DRechs for
=143 Ermonds
&) EnorMormds for
2] Integrationds for
£ Analyticals olutiond.s
ExactSolutionds. for

S e Pl sla> %51)% @ b o sldasly ) -5 Js
6o duw Jiluwo sllas 3551 1y 4 bgs po ool 53 -5

el 00 0018 Hlis (gows dw Plae slas 0591 5 s bogr e slaaslp 3 5l S les B S o

=)-4=3 Error Main3D
Error Main3D. for
—-£3 GaussStress3D
3 ExactGaussPointsStress30. for
3 Gausspoints Stress30 . for
3 Stress3dRec. for
—--£24 Mew ContralPaointz 30
(%] ssharBhar3D. for
3 Stresz3DRec for
=423 EnordD
3 emormorm 30 for
%] Integration30.for
=3 AnalyticalS olution3D
emactsolustion30 . far
23 DutPuWtE 3D
CutPutEr30. for

G A Jilus sllas 51 4y gy sboasliy 05 -6 IS
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-9 Define
Define. far
G aussPoints. far

td atenialProperty. for

Start. bar
Load_DATA. for

M ain.for

ooyl i 4y bgape glaaaliyy 5T S
aS 3g oo 0dileS )8 ladol o 53 plad j0 g 0ald (s lejl.o S olgxe a0 i ool Definefor
LI PR wlo); Sl 00 oolawl d..olj).g I J@L{bw 'aLo.S @ 2 UT I
ol 00l A1 weS bla slacyig 5 laite (a4 el 3 cpl o 0 GaussPoints.for
e s 15,5 s il Plae 4 bgie e eyl o MaterialProperty.for
W9 oo i pa3 A (nl 53 G dw Bl 9 (59700
2 Ngd oo 00l iolad Izl o iy 0 dalip gl ol sl o a5 Sledbl iuled aa sy Start.for
"\“"’L’LSQ d..ol.’).!).:) U”‘ oy
" OM‘P‘)B oA w).c 99,9 J.:L‘B ) FLY 5°9)9 le.asoob 4\.4[.:).: ).)) u.:‘ g Load_DATAfOI‘
Hgh oo 055 Abgyye (Sla e ;0 9 Wigh
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solving the 20&3D Elasticity pProblems with Error Estimation
By Using
MURES Basis Functions
B S e ot

peveloped by : A. Ganjali

Shahrood university of Technology
Civil and structural Engineering Department

Result Beam.txt

Analysis Data

##pre Load Datas#

IType: l=planestress 2=Planestrain 3I=axisymmetric
-Type -npach -ntctp -ndime  -nintp

1 g

-ipach -doapx -nxknt -doapy -nyknt
1 1 9 1 4

2 1 9 1 4
#OUTHUT Data
—xdir -vdir
100 20

##Load Datass
—-control Point Coordinates
0

1 0 o] 1

2 o] 1 0 1

3 4] 2 o] 1

4 0.714285744 0 4] 1
5 0.714285744 1 4] 1
4] 0.714285744 2 4] 1
7 1.428571437 0 4] 1
8 1.428571437 1 4] 1
o 1.428571437 2 o] 1
10 2.142857151 0 4] 1
11 2.142857151 1 o] 1
1z 2.142857151 2 o] 1
13 2.857142763 0 4] 1
14 2.857142743 1 0 1
15 2.857142763 2 4] 1
16 3.571428591 0 4] 1
17 3.571428591 1 4] 1
18 3.571428591 2 4] 1
15 4.285714303 o] o] 1
20 4285714305 1 4] 1
21 4.285714303 2 4] 1
22 4.89095509000 o] o] 1
23 4. 80909550000 1 4] 1
24 4.95995595000 2 o] 1
25 S.714285756 o] o] 1
26 S.714285756 1 4] 1
27 5.714285756 2 4] 1
28 6.428571524 0 4] 1
20 5.428571524 1 4] 1
30 6.428571524 2 4] 1
31 7.142857175 0 4] 1
32 7.142857175 1 o] 1
33 7.142857175 2 4] 1
34 7.857142769 o] o] 1
35 7.857142769 1 o] 1
36 T.BHT142769 2 4] 1
37 8.571428526 o] 0 1
38 8.571428526 1 4] 1
36 8.571428526 2 4] 1
40 G.2857141%9 0 4] 1
41 0.28571419 1 4] 1
42 09.2857141%9 2 o] 1
43 1o 0 1

44 10 1 0 1

45 1o 2 o] 1

¥

—ipach -Patch Conectiwit
1 1234567 8910711121314 15 16 17 18 19 20 21 22 23 24

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 3V 38 39 40 41 42 43 44 45
—ipach -knot wectors

1 00 0.14 0,28 0,43 0.57 0.71 0.86 1 1
1 000511 1

2 00 0,14 0,28 0,43 0,57 0.71 0.86 1 1
2 000,511

#Material Properties

-E -NOo

1500 0.25

#Boundary Conditions
-nNo.supports  -mo. forces
4 3

—-SuUpports
1 Q
3 4]
5 4]
Q
-Forces
75
88 150
=lo] 75
##type of analytical solutionsw
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Abstract:

Employing the computer aided design technique in the newly developed isogeometric
analysis method has many advantages, e.g. removing the error of geometrical modeling.

On the other hand, in all numerical methods, errors due to approximation of unknown
functions are inevitable and researchers have been concerned about the reliability of the
results. This thesis is to develop methods that can be used to estimate error rate of the

isogeometric analysis method. These concepts are arranged in two main parts.
In the first section, the error estimation method based on the superconvergent points

property for isogeometric analysis of stress-strain, axisymmetric and three-dimensional
problems have been considered; and will show why the Gauss integral points has
convergence properties in the isogeometric analysis method. In this method, by making
use of the superconvergent points, each of the components of the improved stress tensor
is considered as an imaginary surface. This surface is generated by using the same
NURBS’ basis functions that are employed for approximation of the primary variablein
the isogeometrical analysis. The obtained results of al examples indicate the
effectiveness of the proposed method in the estimating the error of isogeometric
analysis of the stress-strain, axisymmetric and three-dimensional problems.

In the second part, a new method is introduced for calculation of stress field in the
isogeometric analysis method that makes use of equilibrium of patches. In this
technique, by considering the forces induced on the patches of isogeometric analysis,
the surface denoting the variations of each component of the stress tensor is
approximated by the same order of NURBS' shape functions that are used for
approximation of the displacements. One of the useful features of this method is being
independent of the Gauss integration points, that is especialy advantageous when a
different integration method than the Gauss quadrature is employed. To demonstrate the
performance of the method, six examples are taken into consideration and their exact
and approximate error energy norms are calculated in the rest of the article. The
obtained results indicate that in all of the considered examples error estimation by this
approach is superior to our previous method based on using the superconvergent points
and therefore can be considered as a another ssmple and efficient method for error
estimation and stress recovery in isogeometric analysis.

Key words. Isogeometric Analysis, Error Estimation, Stress Recovery,
Superconvergent Points, Patch Equilibrium.
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