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er 4: lterative R-Node Analvsis Method

..g. 4.5: Meshing of the plane-strain cylinder with 6 inches inner diameter

2ss (psi)

and 18 inches outer diameter.

100C"
90C
80C
700
600
500
400
300
200

100

3 4 el o] / o] v

Radius (in)

Fig. 4.6: Stress redistribution through the cylinder wall using elastic

compensation r ds.
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CHAPTER 5§

SEQUENTIAL MULTIPLE LOADS

5.1 ~rerview

If multiple loads are applied, the limit value of each I would have the same
form as equation (2.10) provic  that the R-Node stress would be evaluated on the basis
of the apy cation of the combined loads. If it is required to de  mine the limit of one of
the loads while fixing the others, the analysis is performed several times with different
trials of the loads until the required fixed load is achieved. A simple procedure is

illustrated that directs the trials ~ vardsthe  ui  solution.

52 erative Limit-Load Analysis

A sample problem of the cantilever beam subjected to two different loads is
considered to help illustrate the procedure. Figure 5.1 illustrat.  the beam being subjected
to bol an axial force and a distributed load. The reaction moment at point A is

expressed as

M= - (5.1
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Chapter 6: Stress Classification

Fig. 6.1: Coordinates of Cross Section
The procedure is divided into main routines for planar and 3D applications. The
program

lits the stresses into membrane (uniform), bending (linear slope along the

path) stresses and peak stresses. For the cartesian system of coordinates, the membrane
stress is given by

A
or = I“" 6.1)
7
where is a stress component, ! is the length of the path (thickness) and x is the
coordi

e along the path. T magnitude of bending stress at the extreme points of the
pathis ven by

7
o/ = H_J‘oy.xxa’xx (6.2)
"

It must be noted that the bendn

;s at the extremes will be opposite in sign.
Hence, the peak stress at any point along the path will be

(6.3)
where

is the total stress calculated in the finite element analysis.
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APPENDIX A

USER-uUEFINED MA .« wRIAL

ne stress

SUBROUTINE UMAT (STRESS, STATEV, DDSDDE, SSE, SPD, SCD,

1 RPL,DDSDDT, DRPLDE, DRPLDT,

2 STRAN,DSTRAN, TIME, DTIME, TEMP, DTEMP, PREDEF, DPRED, CMNAME,
3 NDI,NSHR,NTENS, NSTATEV, PROPS, NPROPS, COORDS, DROT, PNEWDT,
4 CELENT, DEGRDO, DFGRD1, NOEL, NPT, LAYER, KSPT, KSTEP, KINC)

INCLUDE 'ABA PARAM.INC'

CHARACTER*8 CMNAME
AL K(2000, 8)
DIMENSTION STRESS (NTENS), STATEV (NSTATEV),
1 DDSDDE (NTENS, NTENS) ,DDSDDT (NTENS) , DRPLDE (NTENS) ,
2 STRAN (NTENS), DSTRAN (NTENS), TIME (2) , PREDEF (1) , DPRED (1),
3 PROPS (NPROPS) ,COORDS (3) ,DROT (3, 3) ,DFGRDO (3, 3) , DEFGRD1 (3, 3),
4 5(2000, 8), CINC(2000, 8)

PARAMETER (ONE=1.0D0, TWO=2.0DO)

M=1
=0
7 (KINC .LE. 1) THEN
K (NOEL, NPT .0
CINC (NOEL, NPT)=1
END IF
NE=PROPS (3)
NL=PROPS (4)

IF (KINC .NF. CURRENTINC) THEN
CUR]  'TINC=KINC

ST1=0
ST2=0
IF (KINC .GT. 1) THEN
DO . NE*NL
SS=(S(I,1)+S(I,2)+S(I,3)+S(1,4))/4
ST1=ST1+5S*SS
ST2=ST2+1
ENDDO
END IF

SREF=(ST1/ST2)**0.5
print *,sreF,ST1,ST2

END IF

IF (KINC . . CINC(NOEL, NPT)) THEN
CINC (1 ., NPT) =KINC
SR=SRI
S -(NOEL, NPT)
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Appendix A: User-Defined Material

DDSDDE (1, 3) =PROPS (2) *ANU
DDSDDE (2, 3) =PROPS (2) *ANU
DDSDDE (2, 1) =PROPS (2) *ANU
DDSDDE (3, 1) =PROPS (2) *ANU
DDSDDE (3, 2) =PROPS (2) *ANU

DO I=1,NTENS
STRESS(I)=0
DO J=1,N" IS
STRESS (1) =STRESS (I)+DDSDDE (I, J)* (STRAN (J)+DSTRAN (J))

ENDDO
ENDDO

SEQ=(STRESS (1) ~STRESS (2) ) **2+ (STRESS (2) ~STRESS (3) ) **2
SEQ=SEQ+ (STRESS (3) ~STRESS (1)) **2
SEQ=SEQ+6* (STRESS (4) **2+0+0)
SEQ=(0.5*SEQ) **0.5
S (NOEL, NPT) =SEQ

TURN

)

disymmetric

SUBROUTINE UMAT (STRESS, STATEV, DDSDDE, SSE, SPD, SCD,
1 RPL,DDSDDT, DRPLDE, DRPLDT,

2 STRAN, DSTRAN, TIME,DTIME, TEMP, DTEMP, PREDEF, DPRED, CMNAME,
3 NDI,NSHR, NTENS,NSTATEV, PROPS, NPROPS, COORDS, DROT, PNEWDT,
4 CELENT, DFGRDO, DFGRD1,NOEL, NPT, LAYER, KSPT,KSTEP, KINC)

INCLUDE 'ABA PA 1.INC"'

CHARACTER*8 CMNAME
AL K (5000, 8),Q, KK, VK, SS
DIMENSION STRESS (NTENS), STATEV (NSTATEV),
1 DDSDDE (NTENS,1 S),DDSDDT (NTENS) , DRPLDE (NTENS) ,
2 STRAN (NTENS), DSTRAN (NTENS), TIME (2) , PREDEF (1) ,DPRED (1),
3 PROPS (NPROPS),COORDS (3),DROT (3, 3),DFGRDO (3, 3),DFGRD1 (3, 3),
4 5(5000, 8), CINC(5000, 8), VOL(5000,4)

PARAMETER (ONE=1.0D0, TWO-2.0DO)

M=1
=0
TIF (KINC .LE. 1) THEN
K (NOEL, NPT .0
CINC (NOEL, NPT)=1
END IF
NE=PROPS (3)
L=PROPS (4)

IF (KINC .NE. CURRENTINC) THEN
CURRENTINC=KINC
ST1=0
ST2=0
IF (KINC .GT. 1) THEN
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'd Material

DO I=1,NE*NL
SS=(S(I,1)+S(I,2)+S(I,3)+S(1,4))/4

=(VOL(I,1)+VOL(I,2)+VOL(I,3)+VOL(I,4))/4
KK=(K (I,1)+K(I,2)+K(I,3)+K(I,4))/4
ST1=ST1+SS*SS
ST2=ST2+1
ENDDO
END IF
SREF=(ST1/ST2)**0.5
print *,srefF,ST1,ST2
END IF
IF (KINC .GT. CINC(NOEL,NPT)) THEN
CINC (NOEL, NPT)=KINC

SR=SREF

S1=S(NOEL, NPT)

K (NOEL, NPT, {(NOEL,NPT)* ((SR/S1)**0.75)

K (NOEL, NPT) =K {(NOEL, NPT) * (2*SR*SR/ (SR*SR+S1*S1})
Q=1

K (NOEL, NPT) =K (NOEL, NPT) * ( (SR/S1) **Q)
END IF
IF (KINC .GT. 1) THEN
E=PROPS (1) *K (NOEL, NPT)
ELSE
E=PROPS (1)
END IF
U=E/ (1+PROPS (2))/ (1-2*PROPS(2))
AMU=E/2/ (ONE+PROPS (2))
DO I=1,NTENS
DO J=1,NTENS
DDSDDE(I,J)=0.0D0
ENDDO
ENDDO
DDSDDE (1, 1) =ANU* (1-PROPS(2))
DDSDDE (2, 2) =DDSDDE (1, 1)
DDSDDE (3, 3) =DDSDDE (1, 1)

DDSDDE( 4)=AMU

DDSDDE (5, 5) =0

DDSDDE( 6)=0

DDSDDE (1, 2) =PROPS (2) *ANU
DDSDDE(l 3)=PROPS(2) U
DDSDDE (2, 3) =PROP *ANU
DDSDDE (2,1)=DDSD 4 2)

DDSDDE (3, 1)=DDSDDE (1, 3)
DDSDDE (3, 2) =DDSDDE (2, 3)

> I=1,NTENS
STRESS (I)=0
DO J=1,NTENS
STRESS (I)=STRESS(I)+DDSDDE (I, J) * (STRAN (J) +DSTRAN (J))

ENDDO

NDDO
SEQ=(ST: -STRESS (2) ) **2+ (STRESS (2) ~STRESS (3)) **2
SE. SEQ 3S{3)-STRESS (1)) **2

SE' EQ+6* {(STRESS(4) **2+0+0)
SEQ=(0.5*SEQ) **0.5
S (NOCEL, NPT) =SEQ
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1-1,NTENS
DO J-1,NTENS
DDSDDE (I, J) =0.0D0
ENDDO
ENDDO
DDSDDE (1, 1) =ANU* (1~PROPS (2) )
DDSDDE (2, 2) =DDSDDE (1, 1)
DDSDDE (3, 3) =DDSDDE (1, 1)
SDDE (4, 4) =AMU
SDDE (5, 5) =AMU
SDDE (6, 6) =AMU
SDDE (1, 2) =PROPS (2) *ANU
DDSDDE (1, 3) =PROPS (2) *ANU
DDSDDE (2, 3) =PROPS (2) *ANU
DDSDDE (2, 1) =DDSDDE (1, 2)
DDSDDE (3, 1) =DDSDDE (1, 3)
DDSDDE (3, 2) =DDSDDE (2, 3)

DO I=1,NTENS
STRESS (I)=0
DO J=1,NTENS

STRESS (I 'TRESS (I)+DDSDDE (I,

ENDDO
ENDDO

Ap,

dix A: User-Defined Material

J) * (STRAN (J) +DSTRAN (J))

SEQ=(STRESS (1) -STRESS(2))**2+ (STRESS (2) -~STRESS (3) ) **2

SEQ=SEQ+ (STRESS (3) -STRESS (1) ) **2

SEQ=SEQ+6* (STRESS (4) **2+STRESS (5) **2+STRESS (6) **2)

SEQ=(0.5*SEQ) **C.5
S (NOEL, NPT) =SEQ

STURN
ND
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Apt B: Post-Processing Seripts

a2=s2 2-s2 1
b2=s52 1
if abs(az2-al)>0.0001:
xs=abs ((b2-bl)/ (al-a2)-0.5)
1f xs<0.75:
srn=(al*b2-a2*bl)/(al-a2)
else:
if abs{bl-b2)<1l:
srn=sl 1
if srn>maxsrn:
maxsrn=srn
rne=1i
rnl=k
rns=nl
if maxs<s2([13]:
I 2[13]
if j==0:
maxsrn=0
a=str (maxsrn)+","+str(rne)+","+str(rnl)+","+str(rns)+","+str (maxs

) +"\n"
fl.write(a)

fl.cle =

odb.c se ()

MatlLc  Graphing

st = importdata('beaml 1.txt',',");
nelem=st (1,1);
niter=st(1,2);
nlayer=st (1,2);
niter=st (1, 3):;
sy=30000;
for i=l:1:niter;
mu 1=0;
mu_ 2=0;
m{i,1)=2.2;
m{i,2)=sy/st(1+( +1)*1i,1);
m(i,3)=sy/st(l+(nelem+l)*1i,5);
step(:,:,1i)=sortrows (st (2+ (nelem+1l)*(i-1) :2+(nelem+1l)* (i-1)+nelem-
1,1:7));
vt=sum(step(:,3,1));
vti=0;
for k=nelem:-1:1
s=step(k,1,1);
v=step(k,3,1);
step(k, 2,1 /step(k,2,1);
e=step(k,2,1);
vti=vti+v;
step(k,4,1i)=s*v/e;
step(k,5,i)=s" rv/e;
mu_l=mu l+step(k,4,1i);

mu_Z=mu_2+! y(k,5,1);
step(k, 6,1, i
step(k,7,i)=sy*((mu_1/mu 2)"1);

end;
m(i,4)=step(l,7,1);
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Appendix B: Post-Processing Scripts

if i>1
nl = 1;
nz = 1;
difl=sign(step(n2,7,1i)-step(nl,7,1});
vli=vt;
v2=vt;
mv1=0;

while mvl==0
dif2=sign(si >»(n2,7,1i)-step(nl,7,1)):
if difl==dif2
if v2<vl
while v2<vl
vl=vl-step(nl,3,1);
nl=nl+1;
end;
else
while vl<=v2
v2=v2-step(n2,3,1):

n2=n2+1;
end;
end;
else
mvl=step(n2,7,1);
end;
end;
e 2
mvl=Inft;
end;
m(i,5)=mvl;
end;
figurel = figure;
axesl = axes('Parent',6 figu: .);

xlabel (axesl, 'Iteration');
ylabel (axesl, 'Limit 1¢ { multiplier');
box({a: sl,'on');
hold(axesl, "all');
plotl = plot(m);
set (plotl (2), "Marker"', 'x"');
set (plotl (3),...
'Marker', 'square', ...
'MarkerSize', 3);
set (plotl (4), ...
'Marker', 'o', ...
'MarkerSize', 3);
set (plotl (5), "Marker','.");

%% Create legend

legendl = legend(...
axesl, {'Analytical', 'R-Node',
'Location', "NorthOut .de', ...
'Orientation', 'horizontal');

'mc','mu','m v'}, ...
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Ap B: Post-Processing Scripts

rnl=k+1
rns=sl+1
if maxs<s2([12]:
T ;=52 [12)
for sl in rar '3) s
sl-[svl[(nelem*4*k*3+nelem*4*sl+i*4+0) ] .mises]
l-sl+[svl[(nelem*4*k*3+nelem*4*sl+i*4+1) ] .mises]
sl=sl+(svl[(nelem*4*k*3+1 _em*4*sl+i*4+2)].mises]

sl=sl+[svl[(ne. 1*¥4*k*3+nelem*4*sl+1*4+3) )] .mises]
s2-[sv[(nelem*4*k*3+nelem*4*s1+1*440) ] .mises)

?=s52+[sv[(nelem*4*k*3+tnelem*4*s1+i*4+1) ] .mises]
s2=582+{sv[(nelem*4*k*3+nelem*4*s1+i*4+2)] .mises]

s2=s52+[sv[(nelem*4*k*3+1 .em*4*sl+i*4+3))] .mises])
for nl in range(4):

sl l=sl[nl]

s2 1=s2[nl]

if nl1<3:
n2=nl+1

else:
nz2=0

sl 2=s1[n2)

s2 2=s2[n2)

if_5271<>sl_l:
dsl=(s2 1-sl 1)/abs(s2 1-sl1 1)

else:
ds1=0

if s2 2<>sl 2:
ds2=(s2 2-sl1 2)/abs(s2 2-sl 2)

else:
ds. )
srn=0
al=sl 2-s1 1
bl=sl 1
az=s2 2-s2 1
b2=s2 1
if abs '-al)>0.0001:
xs=abs ((b2-bl)/ (al-a2)-0.5)
1f xs- .75:
srn=(al*b2-a2*bl)/(al-a2)
else:

if abs(bl-b2)<0.0001:
srn=sl 1
if srn>maxsrn:
maxsrn=srn

rne=i+1
rnl=k+1
rn
if - [
maxsrn=0
a=str(maxsrn)+","+str(rne)+","+str(rnl)+","+str(rns)+","+str (maxs

\n"
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Ap

dix B: Post-Processing Scripts

.write(a)
fl.close
odb.close ()

MatLab Graphing

st = importdata('nozz bolotxtt,t, )
nelem=st(1l,1);
nlayer=st(1,2);
niter=st(l,3);
sy=339400000;
for i=1l:1:niter;
mu 1=0;
mu_2=0;
m(i,1)=1.48;
m(i,2)=sy/st(l+(nelem*nlayer+l)*i,1);
m(i,3)=sy/st(l+(nelem*nlayer+1)*1i,5);
s >(:,:,1)=sortrows (st (2+ (nelem*nlayer+1)* (i-
1) :2+ (nelem*nlayer+l)* (i-1)+nelem*nlayer-1,1:7));
v jum (step(:,3,1));
vti=0;
for k=nelem*nlayer:-1:1
s=step(k,1,1);
v=step(k,3,1):
step(k,2,1)=s/step(k,2,1);
e=step(k,2,1):
vti=vti+v;
step(k,4,i)=s*v/e;
step(k,5,1)=s*s*Vv
ma_l=mu l+step(k,4,1);
mu_2=mu_2+step(k,5,1);
step (k,6,1)=vti;
step(k,7,1i)=sy* ((mu_1/mu_2)"1);
end;
m{i,4)=step(l,7,1);
if i>1
nl=1;
n2=1;
dif ign(s- »>(n2,7,1i)-st nl,7 ) ;
vli=vt;
vZ2=vt;
mvl1=0;
while mvl==
dif2=sign(step(n2,7,1i)-step(nl,7,1));
if difl==dif2
if v2<vl
while v2<vl
vl=vl-step(nl,3,1);

nl=nl+1;
i;
el:

L vi<=v?2
v2=v2-step(n2,3,1i);
n2=n2+1;

end;
end;
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Ap, Processing Scripts

numiter=len (odb.steps['Step~-1'].frames)-1
a=str (nelem)+",1,"+str (numiter)+",0,0,0,0\n"
fl.write(a)
svl=odb.steps|['Step-1'].frames|[l].fieldQutputs([*'S"'].values
for j in range(numi- =:):

sv=odb.steps['Step-1'].frames[j+1]).fieldOutputs(['S"'].values

svc=odb.steps|['Step-
1'].frames[j+1].fieldOutputs['S'].getSubset (position=CENTROID) .values

Sr=0

sl 1=0

sl 2=0

s2 1=0

s2 2-0

maxs=0

print ("Iteration "+str(j+l))

maxsrn=0

for i in . 1ge( 1)

vk=vke[i]/nlayers
for k in range(nlayers):
se=svc|[nelem*k+i] .mises

sl=[svl[(nelem*k+1)*4+0] .mises]+(svl[ (nelem*k+1)*4+1] .mises]+[svl
[(nelem*k+1i)*4+2] .mises]+[svl[(nelem*k+i)*4+3] .mises]

s2=[sv| (nelem*k+1)*4+0] .mises|+[sv[ (nelem*k- *4+1] .mises]+[sv[(n
elem*k+1i)*4+2] .mises]+[sv[(nelem*k+1)*4+3] .mises]
if 1 It

se=(s2[0]+s2[1]+s2[2]+s2(31)/4

print (str(s2[0]),str(s2(1]),str(s2[2])),str(s2[3]))

ee=0
a=str(se)+","+str(ee)+","+str(vk)+"\n"
1.y (a)
for nl in range(3):
sl 1=s1[nl]
$2 1=s2[nl]
for n2 in range(3-nl):
sl 2= . [n2+nl+1]
s2_2=s2[n2+nl+1]
srn-0
al=sl 2 .1
bl=sl 1
az2=s2 2-s2 1
b2=s2 1

if abs(a2-al)>0.0001:
xs=abs{(b2-bl)/ (al-a2)-0.5)

if xs<0.75:
srn=(al ’-a2*bl) / (al—-a2)
else:
if abs(bl-b2)<1:
srn=sl 1
if srn>maxsrn:
ma: 1I=srn
rne=i+1
rnl=k+1
rn. 1

a=str (maxsrn)+","+str(rne)+","+str(rnl)+", "+str(rns) +"\n"



















