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4. B-Spline
5. Non-Uniform Rational
6. Patch

1. Isogeometrice Analysis method
2. Knot spans
3. Control point



O 5 pals e

S e siianl oy 4 lae ot b Lo 53 15 s g 5 et 35500

[ B'D,BPdO-[ B'D,z,d0+ .
[ B'odQ-[ R'bdQ-[ R'tdrl, =0
Q Q r

23 Cope 4 pp S s Slite e 5L B O s s

By SN
w 0
ox
B=LR= 0 w (\Y)
o
aR’*pJ*q (fﬂ 77) aR’*pJ*q (fﬂ 77)
I—C ax |

Oy =558 Ghan LSO L o e Blews | (6l

1257 psls
R~ = Fe _J‘ BT o' dv,

o Ov)
sU =k, (U")] . R
U'=U"+6U P

Cals i3 e sly oS Jslanal slag ot R lie a5
wals pos)ls ool by T Gl i1 IS s
10U ol =1 1S5 5 aals 53 edd slo) sl 2567
Kgp oS Jolazel L;L“LSJJ:J )\ L;.TJL R Jl>;«~l @l"“t"
53 bl U i=1 IS5 55 elas e
Ak o LS 5 sle u{b.-@l;.-:Ul ¢l IS o
Sy ede Sose 53 (0F 51)) Ly, il ioeen

:V-“.)b 4.:.‘}‘ U:,JJS 3
K,.AP'=F," 00)

9
Ox
L=lo 2 *)
dy
o 9
| Oy Ox |

Sl s b (G sy oS wb su o
S ok el S Sl e glag i 1Sl 0 e
S s ok et e Sl gl U 5 T, b 5
5 b S Sl bl a g ages &S spn 5 T o0

L2170 JK8) ol s ) o

[217 a3 iVl altee G 55,0 Ll 2V IS

Fig. 1. Boundary conditions of a two-dimensional problem
[21].

(V) daly ©po o e Gla NS 5 A (g abal

124] 352 o el 3

o =D, (¢—g))+0, )

[24] :ﬁ)b K] Sl QSWJ““ )/\U:.w\“

T
D, :{D_H(}D .:DT j|; d, =Da W
+d, a

o oo H 5 0l Sy @ sl W ey o
Wl Ll sl [24] e ol 2 S il S5

el edd 4 Sl s i (hasy onl 02 5) Saedly
e o Seslinal b5 (0) 53 (A 5 F) dsles (IS L
s pib Jeely @B 038 S s by il O

(21T T s 5 o 4 (V) slas

' Unbalanced forces



\\c'YJLw/Y a)LA.:a ry}g:,.w:.:a_)}b

o Olyes lige (2055 (ale alns

R i cow e il IS I sl ol
oS tals 5L IS Sl ol 53 VX Slex 4 S
4JJJJ 6}2“)ki 6@3}&5@@3&;& oKL&:wJ.]au) LSU;

1] S e e 1 5 oS

&
J - o& o0& a0
o
on 0on
oR 3
ox -1 o¢
= (vy)
R [~ or
oy on
S glo b alg g La'aR aR'Ts
) Y o ol G —— 9 —— Ol s
B N S o 677}85 2

Wy s Doy OA) daly Ol o cpl ply izes
KTpatch:

[[. B (&) D, B(&n)detddédn

patch

(¥v)

s 3O el o e IS el ¢l
[21] o a4 55 b s ol 53 ol o slizal 08
o ol S oS 0ol eslite | e K S
<l oli ol (78) o&is 53 edt @iyl bl Slais

1S o Jime (E77) 5 aals 5 Joy lamie oS

121]
é: Z%[(éjH _ggi)r+(§i+l +§i):|
| ()
n 25[(77141 —77[.)S+(77,.+1 +77i)]

TPV | N P GOV PP 98 [ o GO L]

1217 el o
o oy
or or
J, = , d&dn=detd. drd (¥Y)
2Tlag oy | e dahad

Os Os

Sl sy B 5 pll 5SS 55 (G slad 53 lasse
S Lowa r‘l_lj‘;)b M\Jﬂjﬂou J)b aJJLo.:.;L:

By x5 (W) daly &)y a

K,=[ B"D,BdQ (%)

oS sadse Pjls 5 00 Lasiie 5 (VF) doles J= L

i ool ey 3 dalsy Sy |y S

e=BP ; =D ¢ (V)

ep

(F) adaly oll i in G e85l 55 50
JISSl e = 6l Goas ol o3 5 21T 552 0 i s
el o eslial iS5 SIS Lia, 5l e e Sl
Al S wlas o s ali s atals el b sk
[$0 §iva] X M0 Miga] oo v (M Ko w st
goasls 5w e Sl OA) el Gllas 5 ol

S PR W B RV RSP W

KTpatch =
. )
IN _B'(£1)D,B(&.1)dO
e S SRS B(fﬂ?) of 538
B=LR (%)

sl By Lglajf cladlas dbews 4 ol atle glapldl LY JS.&':
4] b5 clamses olKaus 4 (F,S) s Slases I Jlizl

3 ‘5-""’17_

P /III"#"‘

NV

Fig. 2. Elements made by NURBS-shaped nodes and transfer
mapping from (r > S) coordinate system to normal coordinate

system [4].



O 5 peals e

S e sisnl oy 4 dlas ot b o 53 5 s s 5 et 3,500

ky ky
F(P)=)> (6, -6 ) ()

j=li=l

S e e Sl sal s 5 0T 53 @ &S
Yo X Slex 5o o8 bl sl e ky s ki 5 e

Dl U a3 3 5 5
LBz gbaadl 3o & Cans F(P) U 5l 8 52 L iolys o
S b Sl OF 03ls 3 o (gslen 5 S8

1227 T o s (FY) laly ol 4Bl 3 e 5 ammio

m=o — AP=B = P=A"B ()
0P,
K K
A=>RR’ : B=)R®S (*Y)
i=l i=1

5 00 4 by 5 e ( J 28 blE olasie (2l L
(b e Pl = 53z o8s crils sl e e
oo sl o ab g e S5 Gl Rl e s gl o
et 5358 o 0313 3 e SAIG58 ) Sl eslinl el
s Jor imy o 2] Ko gl 5 458k 3 50 S35 0 015 o
0B S JE o baS S ealinal 5 b (Rl ey e o
Vel oy 225 mha 5 4Bl 3 g S5 prla ey DM
Cope o Ol gl Bt b S resiisnl Jdes
OLI 0T 3 350 sl Ol e (5l S0lene 4 588

Sl g Elae S8y (S90S lwdbuly —Y-Y

AN S
Sl el llae 585 (6555 (3l alaily syl o
e Dl 51 S ga 056 Sl eslizad el el b 1SS

SIS J>1e 4 0l OLL L;lﬂw.cﬂﬁlvjhn NEY)

QI DL 45
0 1 0
_éz_(é:m _é') > _77:0
or 2 or (o)
o0& on 1
S0, Las(n-n
Os Os 2(77’ ! 77)

I U‘“«f)l" LAQLA.“ (I",S) Ola e aKle BLIES) u’.’.l‘é"
CA-AN‘

KT(pat(rh) =
Ll (Y#)
J.-1J.-1B (r,5)D,,B(r,s)rdetd, detJ ,drds
oz a8 Eas e el JKE ol o s

RGP PSS B WL>=A S

(V)
K

T (patch) =

iiBT (r,s)D,B (r,s)detJ detJw w

j=1i=l

2 S0 Jgiionl Ja kS 5995 00 W dgue -T-Y
<

e pn (gl 4l 5 g 5 Ol (s cpl 03 IS sk 4
o a8 S Tl ys o2 e S Do el 8 s A
Sl 8 S K8 5 5 el L o858 s )
ool ol Lilotd eslinal (plrals) Jpgome b e
J}l;);\)cb,‘w\gl;&ﬁ)‘}ﬁcb;p@};L..gw\
122] 5,8 Obe VA) daly )50 2 4l o

c = 1Ri’j (M,V )P” (Ya)

i=l j=

L sl M 3y cgx 53 Jx8 bls sl n of s «
QL&uPﬁﬁ}Jﬁc\jR;%}UﬁX%ﬁJﬁ
:[ZZ]NJ\;ﬁ.C,MIU:JWqLﬁf‘_;):;SLGJ

2.The Von-Misses criterion

1.Hook law



\Y'YJL«/Y a_)LA.:a r)m)g:,\.w.:{a_)}b

ke Olas (pdige (Aas5m oede s

5

1
m_n 2
> -0)'D, '(c"-5) /||, w,»-wj] o)

==

Joos Sl oal iy (256 5 a8l 5 s S0 O Lyl o oS
LE slaws g am p N el s o gl
el o S LB 055 W 5 Ol a3 Xy Sler 53 oS
SiA Gl o5 a0l (551 sl p 5 g semme Culg )2

.MJ& J:i&.t \) Lls JS

0 Wb sl -0-y

o2l Ghag onl s e Sl b oz sl
ol (%) alaly oy 4 45 S s Ol |, ols sl
22]

|
el

ool 385 gl €y o8 gles ¢ YU adasly s

g = (v$)

By dliuo 1y
:J..»JIS}U;.:J@Q)L&})&\)S&ué\ﬁww\):
Sl esliad b al spp 55 b A5 00 | K G55 b
s 52 SLIL S a5l o a0 ot b oo pnlie

C,\..w\ ol All?-‘)ﬁ @L’b QL“JMM}N

e )b Sl Cow a8 s 4 (Jgl s —T-)

Jyl i 13,8 0 L0 ks Slaseia (V) S5 53

1wl ol 0aly OLES

ay

ol o eslizal « [24] () oy s ,0 o), Sen lae

[28]
Dof %
< 2
Sw)
R= —y <TOLER
s 2

2 (E)

i=1
Ao oedd sl gl s e e W by, W S F
el L_S)UTA}:)))J} oS a3 ekl slas,s 50 S
Uast 5ldde TOLER 5 prems 3151 Sl 55 IS 5l Mgof 5

ol s /0 0) Wlie pl 3 aS ol L;\Jiw Jss JG

ol

Sk ey 31 oslatwl-Y-Y
(B b K fagi3g 3!

2> QLSS sl A5 G 5 gl g ek i b
28] 55 00 0Ly () alaly &)y 0 (st Il

Py S S5

2
le| = I(G—E)TDEP"I(G—E) dQ -
Q

Shedel Cowdy 25 @ (55 383 ki 6 aaly opl g3 &S
Oledl el Q5 llas b S35 5o D, .5 )~
G55 Jm S pel ol 0 Sl @ s L
53 i G335 Jo el 3 g g0 Attty Pl 51 oan
Olge Sl e 3 (333 Ol e 3l oaliasl (Sl 4 o (Do o 23
3 g o 03Uzl (6551 gla p 5 amlome (gl OF Bl 5 5
SIS sl eslizad U (5 sl oy ool Lo
o o sleml 5o 5 b S s Ol s sl S

28] sl o asloes (YO) alasly &y 5 4 L il 58!

(v)



O 5 peals e

S e sisnl oy 4 dlas ot b o 53 5 s s 5 et 3,500

=0 w<y<y”
y=ty = . “ (*A)
© =0 y <y<c

&:;_Magj;_mjf:yl 5 0 gl € ol s S

)

NG|

(Sl den (g -

@iF oo O JSmss -y Sy Sy gl
© o T 5 s 5 (W) sy s 25 51 et
| (\'4 ) ALZJJ &:J)_}~0

o=—0, ),i (¥4)
(x)
3F
T = e (f+)
4by x)

daly Sose 4 V() Sl sl e e YU Ll o

1] o acwles (FY)

3{& F(L—x)}:c f3 AL=X) g
bxo-_v ¢

daly 55 Saloasl o 2SS Jib ¢ ol 53 &S
2
20,bc

3F

ol s B &=

[291515,8 Sy 15 5 50 SVl 5 Koy 15 ¥ K

F

n

Plastic,
zones

<//(y;(r;

Fig. 4. Plastic and elastic zone of the cantilever beam [29].

bc?
F=F, =o, T Lol pn (@) 2le Lkl

Sl gy el (F ) s S 10 1/0 e sl &S

DBLLIs 8 Sy 55 S5 5 skd Ll 3 ¥ SS

b= 50 mm

B
SRt

Fig. 3. The geometrical and boundary conditions of cantilever
beam [31].

= 100 mm

1wl o enls OLES

D13 S e G pllan ol g 5 ks Slaasiiae N Jper

Geometric Properties Properties of materials

Beam length Modulus of elasticity
L=1000 mm E=210 GPa
Dimensions of beam cross Poisson coefficient
section v=0.3

h=100 mm b=50 mm

The total number of control  Yield stress

points Y=0.24 GPa
ntcpt=255
Number of patches Centralized force

npatches=1 P=30 KN

Table 1. Geometric properties and properties of cantilever
beam materials.
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Von Mises Yield criteria
30 Number of load
increases
force Convergence
criterion
1x107° Allowable erorr
Tangential Method of solution
Stiffness KT
Load change Incremental
control loading method

Table 2. Elasto plastic analysis
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Fig. 8. O yy cantilever beam induced by recovered analysis.
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Fig. 5. O, cantilever beam Effective Plastic Strain.
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Geometric Properties

Properties of materials

Internal radius Modulus of elasticity

r,=100 mm E=210 GPa
External radius Poisson coefficient
1,=200 mm v=0.3

Yield stress
Y=0.24 GPa

The total number of
control points
ntcpt=399

Number of patches Force applied pressure
npatches=1 P=0.18 GPa
Table 3. Geometric properties and properties of thick-walled
cylindrical materials.
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Fig. 14. The plastic and elastic areas in Problem 2 [35].
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Fig. 11. Two-dimensional distribution of exact error norm in
cantilever beam for first-order form functions.
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Fig. 12. Two-dimensional distribution of approximate error norm
in cantilever beam for first-order form functions.
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Fig. 13. Thick-walled cylinder under internal pressure [34].
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Fig. 15. Display thick cylinder wall Effective Plastic Strain.
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Fig. 16. Display O, of thick cylinder wall under the effect of

internal pressure. (Exact analysis)
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Fig. 17. Display O, of thick cylinder wall under the effect of

internal pressure. (Analysis by isogeometric method)
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Fig. 20. Display O, of thick cylinder wall under the effect of

internal pressure. (Analysis by isogeometric method)
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Fig. 21. Display G, of thick cylinder wall under the effect of

internal pressure. (Recovered analysis)
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Fig. 18. Display 0, of thick cylinder wall under the effect of

internal pressure. (Recovered analysis)
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internal pressure. (Exact analysis)
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Abstract:

Along with the growth of science and technology and with the problems becoming more complex and the need
to solve them faster and more accurately, researchers always tried to develop numerical methods in addition
to developing the basics of science. In this direction, several methods have been invented by researchers,
among the most important of which, we can mention the nonlinear isogeometric method based on non-uniform
relative B-splines. In the nonlinear isogeometric method, while using the properties of the spline and NURBS
basis functions in the precise definition of curves and surfaces, they are also used for interpolation and
approximation. The use of all the capacity of the structure in bearing the load causes the nonlinear behavior of
the structure, which is caused by the inappropriate performance of the structure's geometry, the weakness of
the structure's materials, and the failure caused by the combination of the two previous situations. And in this
research, the nonlinearity caused by the weakness of the materials has been taken into consideration. Also, in
solving the nonlinear equilibrium equations, an incremental and repetitive load process has been used until the
maximum convergence is achieved. Also, due to the existence of errors in the numerical analyzes and
researchers' concerns about the reliability of the results, in this research, compared to the error estimation based
on the stress recovery method based on the points where the order of convergence of the gradient of a function
is one order of the value obtained from the approximation of the shape function related to The expected
approximate solution is higher (superconvergent points) are discussed. In this way, taking into account the
difference between the recovered stress level and the stress level obtained from nonlinear isogeometric analysis
for each element, a standard has been approximately determined to determine the amount of error in that
element. All the correlations of the research and the linearization of the equations have been done using a
numerical algorithm with the help of programming in the Fortran software environment, and the results of the
analysis have been compared with its classical solution for validation. The results have shown an acceptable
numerical and distribution similarity; Therefore, it can be said that the analysis performed by the program has
a suitable efficiency for nonlinear analysis of problems. Also, the used error estimation method can be called
a simple and engineering solution to estimate the error and improve the stress field obtained from the
elastoplastic analysis of problems using the isogeometric method.

Keywords:Nonlinear Isogeometric Method, Error Estimation, Stress Recovery Method, Superconvergent
Points, Improve The Stress Field.



