
















































































































































































































































































































































































































































































































































































The elastic properties given in Eq. ( 7.33 ) are used as the initial elastic properties for the
repeated elastic analyses, and are modified using Eq. ( 7.31 ) for each iteration. The
Poisson’s :.ratios’ values in Eq. ( 7.33 ) are kept unchanged during the iterations. To
ensure positive definiteness of the elastic matrix, the denominator 2 in the Poisson ratios’

expressions is replaced by 2.13 in the current investigation.

7.3.4 Procedures for the Evaluation of Multipliers

The following is the procedure for performing the m, method for components made of

anisotropic materials:
1. Modified initial elastic properties derived from Eq. ( 7.33 ) are used as material input.

2. The first linear elastic finite element analysis is carried out for the model with the

prescribed loading and boundary conditions.

3. Based on the stress distribution obtained, the elastic moduli of each element are

modified using Eq. ( 7.31 ), while the Poisson’s ratios are left unchanged.

4. The second elastic analysis is carried out with the modified material properties. The
multipliers m” is evaluated using Eq. ( 7.28 ). m' and m, are evaluated in the same

fashion as isotropic materials.

5. Step 2 to 4 is repeated until the convergence of multipliers occurs, or the analysis is

terminated after 10 iterations.,
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7.4 Applications

The m, procedure for anisotropic materials is applied to two components to verify its
robustness and validity. They are an orthotropic cylinder under internal pressure and a
transversely isotropic Bridgman notch bar under tensile load. The multipliers m°, m' and
m obtained using the m, procedure are compared with those obtained using lower bound

elastic compensation method and inelastic finite element analysis.

The components are made of Zircalloy. The alloy is assumed to be perfectly-plastic and
possesses orthotropic symmetry. A general three-dimensional orthotropic material has
nine independent elastic constants and six plastic constants. For two-dimensional
problems, the number of independent elastic and plastic constants required are seven and

four, respectively.

In the present investigation, the following material properties are specified:

1. Original elastic properties are (for nonlinear finite element analysis)
E,=100993 MPa ; E, =95793.6 MPa ; E, = 100593 MPa ;
Gy = 36147.6 MPa ; v, =0.361 ; v, = 0.345 ; v, = 0.341

2. Yield stresses in the respective directions are given by
oo = 579.2 MPa ; oy, = 472.3 MPa ; oy, = 630.9 MPa; 7, = 262.9 MPa

3. Modified initial elastic properties based on Eq. ( 7.33 ) are as follows:
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E,=335473 MPa ; E, = 223067 MPa ; E; = 398035 MPa ;

Gy = 69116 MPa ; v, =0.519 ; 1, = 0.751 ; v, = 0.189

7.4.1 Orthotropic Cylinder under Internal Pressure

A cylinder under internal pressure is analyzed axisymmetrically with axial plane strain
condition. The material is orthotropic along the axial, radial and hoop direction. The
inner radius of the cylinder is 30 mm, and the outer radius is 40 mm. An internal pressure
of 250 MPa is applied. The material properties in the above section are used. The
variation of the multipliers predicted by various methods versus iteration is plotted in

Figure 7.1.

It can be seen that the multipliers rapidly converge to the inelastic FEA value in the
second and third iterations. The m, multiplier is closer to the inelastic value than the

lower bound value from the ¢lastic compensation method.

7.4.2 Transversely Isotropic Bridgman Notch Bar under Tensile Load

A Bridgman notch bar subjected to remote tensile load is modeled and analyzed
axisymmetrically. It is assumed that the material is transversely isotropic, which means

the material is isotropic in the x-z plane. The material properties are specified as follows:

1. Original elastic properties are (for nonlinear finite element analysis)

E,=E;=100993 MPa ; E, = 95793.6 MPa ;

G,y = 36147.6 MPa ; v, = 1, = 0.361 ; v, = 0.341
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Figure 7.1 Variation of multipliers versus iteration for orthotropic
cylinder under internal pressure

2. Yield stresses in the respective directions are given by
Oox = 0y = 579.2 MPa ; oy, = 472.3 MPa ; 74, = 262.9 MPa

3. Modified initial elastic properties based on Eq. ( 7.33 ) are as follows:
E,=E,=335473 MPa ; E, = 223067 MPa

Gy = 69116 MPa ; v = ¥, = 0.470 ; v, = 0.233
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The notched bar has a maximum diameter of 26.416 mm, minimum diameter of 21.082
mm and notch radius of 6.858 mm. The remote tensile load is 500 MPa. The variation of

the multipliers predicted by various methods versus iteration is plotted in Figure 7.2.

From the figure, the m, multiplier converges to the inelastic value in the fourth iteration

and its value is much better than the lower bound value from the elastic compensation

method.
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Figure 7.2 Variation of multipliers versus iteration for transversely
isotropic Bridgman notch bar
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7.5 Conclusions

A procedure is proposed to extend the m, multiplier method to anisotropic materials. The
secant modulus in the reference direction in the elastic analyses is used to estimate the
plastic flow parameter for the anisotropic components. Modified initial elastic properties
are adopted to ensure the “elastic” stress fields follow the anisotropic yield surface. This
method gives improved limit loads compared with the elastic compensation method. It is
robust and applicable to components and structures made of more general anisotropic

materials.
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Chapter 8 Conclusions and Recommendations

8.1 Conclusions

The concept of plastic flow parameter is introduced to the existing m, procedures to
formulate the modified m, - multiplier method. The introduction of the plastic flow
parameter is to account for the plastic flow variation in a component or structure at
collapse. The secant modulus of every element in repeated linear elastic analyses is used
to evaluate the plastic flow parameter. Numerical examples show that the multipliers m’,
m', and m, predicted by the modified formulation give improved estimations of the limit
load compared to the basic m, multiplier method. The m, predictions are usually a lower
bound, and closer to inelastic FEA or analytical value compared to the lower bound

estimates by elastic compensation method.

A study on the bounds of the multipliers has demonstrated that the multiplier m° is
greater than the classical upper bound and m' is lower than the classical lower bound.
The theoretical maximum possible overestimation of the m, multiplier is 25%, and the

worst practical example as found in the study gives 15%. However, the trend of
overestimation can be often detected. In some cases, a refined finite element mesh is able

to eliminate or reduce the overestimation.
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The application of the modified m, - multiplier method to several cracked components
yields satisfactory estimation of limit loads. The limit load obtained is used to evaluate
elastic-plastic J-integral of the corresponding cracked component by the method of

Seshadri and Wu. The results are conservative and close to the inelastic FEA value.

The m, - multiplier procedures for layered structures are formulated by extending Mura’s
variational principle to inhomogeneous bodies. The initial elastic modulus of each llayer
is adjusted according to its yield stress to represent its load-carrying capacity at collapse
state. The formulation is tested using two- and three- layered beams and cylinders under
various material combinations. The results are excellent for cylinders and very good for

beams.

The m, - multiplier procedures for components and structures made of anisotropic
materials are also devised. The anisotropic plastic flow parameter is evaluated by
utilizing the secant modulus of the discretized finite elements in the reference direction.
A method of adjusting the initial anisotropic elastic parameters by using the anisotropic
flow rule is adopted so that all moduli at a point can be adjusted in the same degree using
the anisotropic equivalent stress. The application of this formulation to two anisotropic

components gives very good results.

In summary, the modified m, - multiplier method can be applied to a wide range of
structures and components for simple and direct estimation of limit load. The
introduction of plastic flow parameter facilitates the convergence of multipliers and

improves the accuracy of estimations. The estimated m, - multiplier is usually a lower
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bound with limited chances and degree to give an upper bound value. This method 1s

very useful in the assessment and design of mechanical components and structures.

8.2 Recommendations
The modified m, - multiplier formulation for layered structures can be applied to welded
structures to deal with the inhomogeneity of the components. This extension is easy to

implement in principle.

The modified m, - multiplier formulation for anisotropic materials can be extended to a
more general class of yield criteria other than the current Hill’s yield criteria for

orthotropic materials. The load bearing capacity of soils can be an area of application.

Finally, more effort is needed to provide modeling guidelines for the modified m, -
multiplier formulation to obtain closer upper and lower bounds, especially to ensure the
m, multiplier a close lower bound. The finite element technique is an approximate
method, and the displacement formulation generates a discontinuous stress field, which
only satisfies the equilibrium equations at certain points within the element. Avoiding
local stress errors to acquire accurate value of the maximum stress is important to a
mainly lower bound technique. Hence, it is critical to have an appropriate mesh size,
element type, stress extraction point and so on to prevent both over-conservatism and
overestimation, especially for cracked and highly indeterminate structures. Guidelines

and measures for appropriate modeling should be developed.
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Appendix A ANSYS Models for Major Components

The following lists sixteen ANSYS files for the major components analyzed using the m,
multiplier method. Five models (A.4-A.7, A.11) are adopted from the thesis by
Mangalaramanan (1997b) and two (A.10 and A.12) are from the thesis by Fowler (1998)
with modification. The model for cylinder with semi-elliptical crack is not included since

it was created by using graphic user interface.

A.1 Thick Cylinder under Internal Pressure

/BATCH

*SET,RI,3 I INNER RADIUS, INCH

*SET,RO,9 I OUTER RADIUS, INCH

*SET,DIV,30 ! DIVISION NUMBER IN RADIAL DIRECTION

*SET,HI,(RO-RIY/DIV

*SET,PRSR,40000

*SET,YM,30E6

'LENGTH
! INTERNAL PRESSURE, PSI

' YOUNG’S MODULUS

*SET,POIS,0.47 ! POISSON’S RATIO

*SET,YS,30000 ' YIELD STRESS, PSI

{PREP7

ET,1,42 | DEFINE ELEMENT TYPE AND BEHAVIOR
KEYOPT,1,3,1

MP.EX,1,YM ! DEFINE ELASTIC MATERIAL PROPERTY

MP,NUXY,1,POIS

K,1,RI,0
K,2,RO,0
K,3,RO,HI
K,4,RIHI
L,1,2,DIV 1
L,2,3,1
L.3.4,DIV,1

| DEFINE GEOMETRY
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L,4,1,1
A1,2,3,4

AMESH,1
/SOLUTION
ANTYPE,O
D,ALL,UY,0
NSEL,S,LOC X,RI
SF.ALL,PRES,PRSR
NSEL,ALL

SOLVE

SAVE

FINISH

/INPUT,ms,txt

I APPLY BOUNDARY CONDITIONS

! CALL MACRO TO CALCULATE MULTIPLIERS

A.2 Thick Cylinder under Internal Pressure (Nonlinear Analysis)

/BATCH

*SET,RI,3
*SET,RO,9
*SET,DIV,30
*SET,HI(RO-RI)/DIV
*SET,PRSR,40000

*SET,YM,30E6
*SET,POIS,0.47
*SET,YS,30000

/PREP7

ET,1,42
KEYOPT,1,3,1

MP,EX,1,YM
MP,NUXY,1,POIS

TB,BKIN,1,1
TBDATA,1,YS,0

K,1,RI,0
K,2,RO,0
K,3,RO,HI
K,4,RI,HI
L,1,2,DIV,1
L,2,3.1

' INNER RADIUS, INCH

! OUTER RADIUS, INCH

I DIVISION NUMBER IN RADIAL DIRECTION
'LENGTH

' INTERNAL PRESSURE, PSI

' YOUNG’S MODULUS

I POISSON’S RATIO
I YIELD STRESS, PSI

! DEFINE ELEMENT TYPE AND BEHAVIOR

! DEFINE ELASTIC MATERIAL PROPERTY

! DEFINE PLASTIC MATERIAL PROPERTY

! DEFINE GEOMETRY
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L,3,4,DIV 1
L.4,1,1
A1,23,4

AMESH,1
/SOLUTION
ANTYPE,O

TIME,1

AUTOTS A

KBC,0
NSUBST,100,500,20,0
NEQIT,40
OUTRES,ALL,ALL
D,ALL,UY,0
NSEL,S,LOC,X,RI
SF,ALL,PRES,PRSR
NSEL,ALL

SOLVE

SAVE
FINISH

A.3 Indeterminate Beam

/BATCH

*SET,SPAN,20
*SET,HI1
*SET,HIM,0.5
*SET,HIi2,HI-HI1
*SET,PRSR,300
*SET,DIVH,200
*SET,DIVV,14
*SET,RTH,3
*SET,RTV,-2

*SET,YM,30E6
*SET,POIS,0.47
*SET,YS,30E3
/PREP7

ET,1,42
KEYOPT,1,3,0

MP,EX,1,YM

| DEFINE NONLINEAR SOLUTION CONTROL

! APPLY BOUNDARY CONDITIONS

| BEAM SPAN, INCH
| BEAM HEIGHT, INCH

'UNIFORMLY DISTRIBUTED LOAD, PSI
I DIVISION ALONG THE SPAN

! DIVISION ALONG THE HEIGHT

I SPACING RATIO ALONG THE SPAN

! SPACING RATIO ALONG THE HEIGHT

' YOUNG'S MODULUS, PSI
I POISSON’S RATIO
1 YIELD STRESS, PSI

! DEFINE ELEMENT TYPE AND BEHAVIOR

! DEFINE MATERIAL PROPERTY
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MP,NUXY,1,POIS

K,1,0,-HI2 | DEFINE GEOMETRY
K,2,SPAN,-HI2

K,3,SPAN,HI1

K,4,0,HI1

L,1,2,DIVH,RTH

L,3,2,DIVV,RTV

L,3,4,DIVH,1/RTH

L,4,1,DIVV,RTV

A1,234

AMAP,1,1,2,3,4
FINISH

/SOLU
ANTYPE,O

NSEL,S,LOC,X,0 I APPLY BOUNDARY CONDITION
D,ALL,UX,0

NSEL,R,LOC,Y,0
D,ALL,UY,0
NSEL,ALL

NSEL,S,LOC,X,1.005*SPAN
NSEL,R,LOC,Y,-HI2
D,ALL,UY,0

NSEL,ALL

NSEL,S,LOC,Y HI1
SF,ALL,PRES,PRSR
NSEL,ALL

SAVE

SOLVE

FINISH

/INPUT,ms, txt ! CALL MACRO TO CALCULATE MULTIPLIERS

A. 4 Non-Symmetric Rectangular Plate

/BATCH

*SET,THIK,0.5 I THICKNESS OF PLATE, INCH
*SET,LENG,15 !'LENGTH OF PLATE, INCH
*SET,WDTH,10 ! WIDTH OF PLATE, INCH
*SET,LDIV,30 I DIVISIONS ALONG LENGTH
*SET,WDIV,21 I DIVISIONS ALONG WIDTH
*SET,PRSR,1000 ! APPLIED PRESSURE, PSI
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*SET,YM,30E06
*SET,YS,30E03
*SET,POIS,0.3

/PREP7

ET,1,45
MP.EX,1,YM
MP,NUXY,1,POIS

K,1,0,0,0
K,2,WDTH,0,0
K,3,WDTH,THIK,0
K,4,0,THIK,0
K,5,0,0,LENG
K,6,WDTH,0,LENG
K,7,WDTH,THIK,LENG
K,8,0,THIK.LENG

L,1,2,WDIV,-5
L,1,4,4
L2,3,4
L,4,3,WDIV,-5
L,1,5,LDIV,-5
L.4,8,LDIV,-5
L,3,7,LDIV,-5
L,2,6,LDIV,-5
L,5.8.4

L,7,6,4
L,7.8,WDIV,-5
L,5,6,WDIV,-5

Vv,1,4,8,5,23,7,6
VMESH,ALL

FINISH
/SOLU
ANTYPE,O

NSEL,S,LOC,X,WDTH/3,2*"WDTH/3
NSEL,R,LOC,Y,0

NSEL,R,LOC,Z,0

D,ALL,UY.,0

NSEL,ALL

NSEL,S,LOC X, WDTH
NSEL,R,LOC,Z,0,LENG/3
D,ALL,ALL,0

NSEL,ALL

NSEL,S,LOC . X,WDTH
NSEL,R,LOC,Z,2"LENG/3,LENG

I YOUNG'S MODULUS, PSI
I'YIELD STRESS, PSI
! POISSON’S RATIO

| ELEMENT TYPE AND MATERIAL PROPERTY

| DEFINE GEOMETRY

! APPLY NON-SYMMETRIC BOUNDARY CONDITION
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D,ALL,ALL,0
NSEL,ALL

NSEL,S,LOC,X,0

NSEL,R,LOC,Z LENG/3,2*"LENG/3
D,ALL,ALL,0

NSEL,ALL

NSEL,S,LOC,X,0,WDTH/3
NSEL,R,LOC,Y,0
NSEL,R,LOC,Z LENG
D,ALL,UY,0

NSEL,ALL

NSEL,S,LOC X,2*WDTH/3,WDTH
NSEL,R,LOC,Y,0
NSEL,R,LOC,Z,LENG
D,ALL,UY,0

NSEL,ALL

NSEL,S,LOC,Y, THIK
SF,ALL,PRES,PRSR
NSEL,ALL

SAVE
SOLVE
FINISH

/INPUT,ms, txt

A.5 Torispherical Head

/BATCH
IR/D=0.12

*SET,P1,3.1416
*SET,YM,206.85E06
*SET,POIS,0.47
*SET,YS,206.85E03
*SET,PRSR,1000

*SET,T,2.54E-02
*SET,LSBYD,0.8
*SET,RBYD,0.12
*SET,TBYD,1/300

I CALL MACRO TO CALCULATE MULTIPLIERS

! YOUNG’S MODULUS, kPa
I POISSON’S RATIO

' YIELD STRESS, kPa

! APPLIED PRESSURE, kPa

I THICKNESS OF VESSEL, m
! DEFINE DIMENSION RATIOS

*SET,PHITWO,ASIN((0.5-RBYD)/(LSBYD-RBYD))*180.0/P| !DEFINE OTHER DIMENSIONS

*SET,PHI1,90.0-PHITWO
*SET,D, T/TBYD
*SET,RK,RBYD*D
*SET,RH,LSBYD*D
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*SET,HH,RH-(RH-RK)*COS(PHITWO*PI/180.0)

*SET.A,D/2-RK
*SET,RI,D/2.0
*SET,RO,RI+T

*SET,H,1.2*5.0*SQRT(RO*T)

*SET,NDIV1,6
*SET,NDIV2,70
*SET,NDIV3,30
*SET,NDIV4,120

/PREP7

ET,1,42,0,0,1
MP.EX,1,YM
MP,NUXY,1,POIS

K,1,RI
K,2,RO
K,3,RLH
K,4,ROH

LOCAL,11,1,AH

CSYS, 11
K,5,RK,PHI1
K,6,RK+T,PHI1
CSYS,0

LOCAL,12,1,0,H+HH-RH

CSYS§,12
K,7,RH,90
K,8,RH+T,90
CSYS,0

L,1,2,NDIV1
L,3,4,NDIV1
L,5,6,NDIV1
L,7,8,NDIV1

L,1,3,NDIV2
L,2,4,NDIV2

CSYS, 11
L,3,5,NDIV3
L,4,6,NDIV3

CSYS§,12
L,5,7,NDIV4
L,6,8,NDIV4
CSYS,0

A1,2,43

| DEFINE MESH SIZES

| ELEMENT TYPE AND MATERIAL PROPERTIES

| DEFINE GEOMETRIES
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AMESH,1

CSYS, 11
A3,4,6,5
AMESH,2

CSYS§,12
A5,6,8,7
AMESH,3

CSYS,0
SFL,5,PRES,PRSR

CSYS, 11
SFL,7,PRES,PRSR
CSYS,0

CSYS,12
SFL,9,PRES,PRSR
CSYS,0

SFTRAN
NSEL,,LOC,X,0
D,ALL,UX,0
NSEL,ALL
NSEL,,LOC,Y,0
D,ALL,UY,0
NSEL,ALL
FINISH

/SOLU
ANTYPE,O0
SOLVE

SAVE

FINISH

/INPUT ms,txt

A. 6 Sphere-Nozzle Junction

/BATCH

*SET,YM,200.0E6
*SET,YS,300.0E3
*SET,POIS,0.47
*SET,PRSR, 150000

*SET,RS,1.0

I APPLY PRESSURE LOADING

I APPLY DISPLACEMENT BOUNDARY CONDITIONS

I CALL MACRO TO CALCULATE MULTIPLIERS

' YOUNG'’S MODULUS, kPa
' YIELD STRESS, kPa

! PRESSURE, kPa

! DIMENSIONS, METER

185



*SET,TS,0.25

*SET,RN,0.20
*SET,TN,2.0*TS*RN/RS
*SET,H,1.2*5.0*SQRT(RN*TN)

*SET,NDIV1,50 ! LINE DIVISIONS (MESH SIZE)
*SET,NDIV2,6

*SET,NDIV3,11

*SET,NDIV4,40

*SET,NDIV5,12

*SET,NDIV6,60

/PREP7

ET,1,42,0,0,1 I ELEMENT TYPE AND MATERIAL PROPERTIES
MP.EX,1,YM
MP,NUXY,1,POIS

RSI=RS-TS/2.0 ! DEFINE COMPONENT GEOMETRIES
RSO=RS+TS/2.0

RNI=RN-TN/2.0

RNO=RN+TN/2.0

K,1,RSO

K,2,RNO,SQRT(RSO**2-RNO**2)
K,3,RNO,SQRT(RSO**2-RNO**2)+TN/2.0+H
K,4,RNI,SQRT(RSO**2-RNO**2)+TN/2.0+H
K,5,RNI,SQRT(RSO**2-RNO**2)+TN/2.0
K,6,RNI,SQRT(RSI**2-RNI**2)

K,7,RSI

K,12

K,15,,-RSI

K,16,,-RSO

CSYS A1
L.1,2
CSYS,0
L2,3
L.3,4
L.4,5
L.5.6
CS8YS1
L,6,7
CSYS,0
L,7,1

LOCAL,11,1,RNO+TN/2.0,SQRT(RSO**2-RNO**2)+TN/2.0
CSYS,11

LFILLT,1,2,TN/2.0,10

CSYS,0

L.8,6

L,9,5

L,15,16
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CSYS,1
L,15,7
L,16,1
CSYS,0

KDELE,10
KDELE,2
KDELE,12

LESIZE,1,,,NDIV6,2/5
LESIZE,2,,,NDIV4,2
LESIZE,3,,,NDIV5,2/3
LESIZE,4,,,NDIV4,1/2
LESIZE,5,,,NDIV3
LESIZE,6,,,NDIV6,2.5
LESIZE,7,,,NDIV5,1.5
LESIZE,8,,,NDIV3
LESIZE,S,,.NDIV5,2/3
LESIZE,10,,,NDiV5,2/3
LESIZE,11,,,NDIV5,1.5
LESIZE,12,,,NDIV1,-1.5
LESIZE,13,,,NDIV1,-1.5

CSYS 1
A,15,16,1,7
A7,1,8,6
CSYS,0
A6,8,9,5
A5,934

ESHAPE,2
AMESH,ALL

FINISH
/SOLU
ANTYPE,O

SFL,4,PRES,PRSR ' APPLY PRESSURE LOADING
SFL,5,PRES,PRSR

CSYS1
SFL,6,PRES,PRSR
SFL,12,PRES,PRSR

CSYS,0
SFTRAN

NSEL,,LOC,Y,SQRT(RSO**2-RNO**2)+TN/2.0+H | APPLY DISPLACEMENTS
D,ALL,UY,0
NSEL,ALL

NSEL,,LOC,X,0
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D,ALL,UX,0
NSEL,ALL

SAVE
SOLVE
FINISH

/INPUT,ms, txt ! CALL MACRO TO CALCULATE MULTIPLIERS

A.7 Pressure Vessel Support Skirt
/BATCH

*SET,PI1,3.1415926536

*SET,DI,97.28 ! DIMENSIONS, INCH
*SET,DO,101.28

*SET,LC,30.0

*SET,DSK,110.07

*SET,SKA,18.05

*SET,YM,30E06 ' YOUNG’S MODULUS, PSI
*SET,YS,40E03 ! YIELD STRESS, PSI
*SET,POIS,0.47

*SET,ENLD,40000 ! END PRESSURE, PSI

*SET,NDIV1,12 I LINE DIVISIONS
*SET,NDIV2,28

*SET,NDIV3,23

*SET,NDIV4,5

RI=DI/2.0 | DIMENSIONS
RO=D0/2.0

RSK=DSK/2.0

T=RO-RI

THETA=PI/180.0*SKA
H1=(RSK-RO+T/COS(THETA))TAN(THETA)

/PREP7

ET,1,42,0,0,1,0,0 I ELEMENT TYPE AND MATERIAL PROPERTY
MP.EX,1,YM
MP,NUXY,1,POIS

K,1,RI ! DEFINE GEOMETRY
K.2,RO

K,3,RO,LC

K.4,RLH1+LC+TAN(PI/2.0-THETA)*(RI-RSK)
K,5,RSK+T/COS(THETA),LC+H1

K.6,RSK,LC+H1

L1,2
L6,5
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L,2,3
L,1,4
L,3,5
L4.6

LOCAL,11,1,RO+T,LC-T
CSYS, 11
LFILLT,3,5,T/2.0
LFILLT,4,6,3.0°T/2.0
CSYS,0

L,7,9
L,8,10

KDELE,3
KDELE.4

LDIV,3
LDIV,4
LDIV,56
LDIV,6

LESIZE,1,,,NDIV1
LESIZE,S,,,NDIV1
LESIZE,10,,,NDIV1
LESIZE,2,,,NDIV1

LESIZE,3,,,NDIV2,2
LESIZE 4,,,NDiv2,2
LESIZE,11,,,NDIV2,0.5
LESIZE,12,,,NDIV2,0.5

LESIZE,5,,,NDiV3,2
LESIZE,B,,,NDIV3,2
LESIZE,13,,,NDIV3,0.5
LESIZE,14,,,NDIV3,0.5

LESIZE,7,,,NDIV4
LESIZE,8,,.NDIV4

A1,2,3,4
A4,3,79
CSYS, 11
A9,7,8,10
CSYS,0
A10,8,11,12
A12,11,6,6

ESHAPE,2
AMESH,ALL

FINISH

/SOLU
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NSEL,S,LOC,Y,H1+LC
D,ALL,ALL,0
NSEL,ALL
SFL,1,PRES,ENLD
SFTRAN

SAVE
SOLVE
FINISH

/INPUT,ms, txt

A.8 Two-Layered Cylinder
/BATCH

*SET,RI,80
*SET,RINT,130
*SET,R0O,230
*SET,DIV,36
*SET,RAT 1
*SET,HI,(RINT-RI)/DIV

*SET,PRSR,500

*SET,YM1,70000
*SET,YM2,210000
*SET,POIS,0.47
*SET,YS1,70
*SET,YS2,210

/PREP7

ET,1,42
KEYOPT,1,3,1

ET,2,42
KEYOPT,2,3,1

K,1,R1,0

K,2,RINT,0

K,3,RINT,HI

K,4,RLHI
L,1.2,(RINT-RI)*DIV/(RO-RI),RAT
L.2,3,1,1
L.4,3,(RINT-RI)*DIV/(RO-RI),RAT
L4,1,11

K,5,R0,0

K,6,RO,HI

L,2,5,(RO-RINT)*DIV/(RO-RI),RAT

L.5,6,1,1

! APPLY BOUNDARY CONDITIONS

! CALL MACRO TO CALCULATE MULTIPLIERS

I INNER RADIUS, MILLIMETER
I INTERFACE RADIUS

! OUTER RADIUS

! RADIAL DIVISIONS

! RADIAL SPACE RATIO

I LENGTH OF CYLINDER

! APPLIED PRESSURE, MPa

' YOUNG'S MODULUS, MPa

' YIELD STRESS, MPa

| DEFINE ELEMENT TYPE

! DEFINE GEOMETRY
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L,3,6,(RO-RINT)*DIV/(RO-RI),RAT
A1,2,3.4

MP,EX,1,YM1
MP,NUXY,1,POIS

TYPE,1
MAT 1
AMESH,1

A2,56,3

MP,EX,2,YM2
MP,NUXY,2,POIS

TYPE,2
MAT,2
AMESH,2

/SOLU

ANTYPE,O
D,ALL,UY,0

NSEL,S,LOC X,RI
SF,ALL,PRES,PRSR
NSEL ALL

SAVE

SOLVE

/INPUT 2ms,txt

A.9 Two-Layered Beam
/BATCH

*SET,SPAN,500
*SET,HIL,24
*SET,HI1,12
*SET,HI2,HI-HI1
*SET,PRSR,1
*SET,HDIV,200
*SET,HRAT,1
*SET,VDIV,24
*SET,VRAT,-2

*SET,YM1,70000
*SET,YMZ2,210000
*SET,POIS,0.47
*SET,YS1,70
*SET,YS2,210

| MATERIAL PROPERTY

I APPLY INTERNAL PRESSURE

! CALL MACRO TO CALCULATE MULTIPLIERS

! DIMENSION VALUES, MILLIMETER

! PRESSURE VALUE, MPa

I HORIZONTAL DIVISIONS

I HORIZONTAL SPACE RATIO
' VERTICAL DIVISIONS

! VERTICAL SPACE RATIO

I YOUNG’S MODULUS, MPa

' YIELD STRESS, MPa
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IPREP7

ET,1,42
KEYOPT,1,3,0

ET,2,42
KEYOPT,2,3,0

K,1,0,0

K,2,SPAN,0
K,3,SPAN,HI1

K,4,0,H1
L,1,2,HDIV,HRAT
L,3,2,VDIV*HIT/HLVRAT
L,3,4,HDIV,HRAT
L.4,1,VDIV*HI1/HIVRAT
K,5,SPAN,-HI2
K,6,0,-HI2
L,5,2,VDIV*HI2/HIVRAT
L,5,6,HDIV,HRAT
L,6,1,VDIV*HI2/HILVRAT
A1,234

MP.EX,1,YM1
MP,NUXY,1,POIS
TYPE,1

MAT 1
AMAP,1,1,2,3,4

A1.2,5,6

MP,EX,2,YM2
MP,NUXY,2,POIS
TYPE,2

MAT,2
AMAP,2,1,2,5,6

FINISH
/SOLU
ANTYPE,O

NSEL,S,LOC,X,0
D,ALL,UX,0
NSEL,R,LOC,Y,0
D,ALL,UY,0
NSEL,ALL

NSEL,S,LOC,X,1.005"SPAN
NSEL,R,LOC,Y,0
D,ALL,UY,0

NSEL,ALL

| ELEMENT TYPE

! DEFINE GEOMETRY

! MATERIAL PROPERTY AND MESH

! DISPLACEMENT BOUNDARY CONDITION
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NSEL,S,LOC,Y HI1

SF,ALL,PRES,PRSR

NSEL,ALL
SAVE

SOLVE
FINISH

/INPUT,2ms, txt

A.10 Center-Cracked Plate

/BATCH

A=1
YM=30E6
YS=25E3
LOAD=20E3
POIS=0.3
LEN=1

/PREP7

ET,1,PLANES2,,2

MP,EX,1,YM
MP,NUXY,1,POIS
K,1

K.2,4

K,3,4,5

K.4,-1,5

K,5,-1

L,1.2

L,2,3
LESIZE,2,,,4
L,3,4
LESIZE,3,,,4
L,4,5,

LESIZE 4,,,6,.2
L,5,1

ESIZE,,5
KSCON,1,.15,1,8
AL,1,2,3,4,5
DL,1,1,8YMM
DL.4,1,SYMM

SFL,3,PRES,-LOAD

AMESH,1

! PRESSURE LOADING

I CALL MACRO TO CALCULATE MULTIPLIERS

| CRACK LENGTH, INCH
' YOUNG’S MODULUS, PSI
! YIELD STRESS, PSI

! PLATE LENGTH, INCH

' ELEMENT TYPE

! MATERIAL PROPERTY

! DEFINE GEOMETRY

I DEFINE CRACK TIP ELEMENT LAYOUT

I BOUNDARY CONDITIONS
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OUTPR,ALL
FINISH

/SOLU
ANTYPE,O

SOLVE
SAVE
FINISH

/INPUT,ms, txt ! CALL MACRO TO CALCULATE MULTIPLIERS

A. 11 Compact Tension Specimen

/BATCH

A=0.046 I DIMENSION VALUE, METER
B=0.003

w=0.1

W1=0.125

H=0.06

R=0.0125

E=0.0275

$=0.003

D1=0.08

D2=0.075

YM=211E09 I YOUNG’S MODULUS, Pa
YS=488.43E06 ' YIELD STRESS, Pa
POIS=0.3

LOAD=20000/5
/PREP7

MP,EX,1,YM
MP,NUXY,1,POIS

K,1,A ! DEFINE GEOMETRY
K.2,W

K,3.W,H

K4,.H

K,5,W-W1,H
K,6,W-W1,S

K7,8

K,8,W-D1,S
K,9,W-D2

K,10,.E

K,11,,E,E
CIRCLE,10,R,11,4,,8
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L,1,2
*REPEAT,8,1,1
L,9.1

L,4,12

L,16,7

KSEL,S,LOC,X,-1E-6,1

LSLK,S,1
ALALL

KSEL,S,LOC,X,-1,1E-6

LSLK,S,1
ALALL
KSEL,ALL
LSEL,ALL

ET,1,PLANE2,,3
R,1,B

ESIZE,A/8
LESIZE,9,,,20
KSCON,1,A/16,1,9
AMESH,ALL

FINISH
/SOLU

ANTYPE,O
ERESX,NO

NSEL,S,LOC,Y
NSEL,R,LOC,X,AW
D,ALL,UY,0
NSEL,R,LOC,X,A
D,ALL,UX,0
NSEL,ALL

FK,12,FY,LOAD
FK,13,FY,LOAD
FK,14,FY,LOAD
FK,18,FY,LOAD
FK,19,FY,LOAD

SAVE
SOLVE
FINISH

/INPUT ,ms, txt

! DEFINE CRACK TIP ELEMENT LAYOUT

! APPLY DISPLACEMENT BOUNDARY CONDITIONS

' APPLY LOAD

I CALL MACRO TO CALCULATE MULTIPLIERS

A. 12 Single-Edge-Notched Bend Specimen

/BATCH

*SET,YS,488.43E6

! YIELD STRESS, Pa
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*SET,YM,211E9
*SET,POIS,0.3

*SET,LOAD,-6000
IPREP7

ET,1,PLANE2,,3
MP,EX,1,YS
MP,NUXY,,POIS

K,1,0,0
K.2,0.19375,0
K,3,0.19375,0.00625
K,4,0.2,0.025
K.,5,0.2,0.05
K,6,0.2,0.1

K,7,0,0.1

L1,2
L.2,3
L,3,4
L,4,5
L,5,6
L.6,7
L,7,1

R,1,0.003
KSCON,5,0.001,0.5,9

LESIZE,ALL,0.015
LESIZE,5,,,10

ALALL
REAL,1

AMESH,1
FINISH

/SOLU
ANTYPE,O

NSEL,S,LOC,X,0
NSEL,R,LOC,Y,0
D,ALL,UY,0
NSEL,ALL

LSEL,S,LINE,,5
NSLL,S,1
D,ALL,UX,0
LSEL,ALL
NSEL,ALL

! YOUNG’S MODULUS, Pa

! LOAD, NEWTON

! ELEMENT TYPE AND MATERIAL PROPERTY

! DEFINE GEOMETRY, METER

I DEFINE CRACK TIP ELEMENT LAYOUT

I APPLY BOUNDARY CONDITIONS
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NSEL,S,LOC,X,0.2
NSEL,R,LOC,Y,0.1
F,ALL,FY,LOAD
NSEL,ALL

SOLVE
SAVE
FINISH

/INPUT,ms,txt

A.13 Plate with Multiple Cracks

/BATCH

YM=210000
YS=480
POIS=0.3

LOAD=-300
IPREP7
ET,1,PLANE2

MP,EX,1,YM
MP,NUXY,1,POIS

K,1

K.2,10
K,3,156
K,4,25
K.,5,32.5
K.,6,40
K.,7,50
K.8,0,5
K.9,15,5
K,10,27.5,5
K.11,32.5,5
K,12,50,5
K,13,20,10
K,14,27.5,17.5
K,15,35,25
K,16,27.5,17.5
K,17,0,50
K,18,27.5,50
K,19,50,40
K,20,50,50
K,21,50,100
K.22,0,100

I CALL MACRO TO CALCULATE MULTIPLIERS

I'YOUNG'S MODULUS, MPa
I'YIELD STRESS, MPa

! TENSILE STRESS, MPa

! DEFINE GEOMETRY, MILLIMETER
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A1,2,3,98
A3,4,511,10,9
A5,6,7,12,11
A,8,9,13,14,18,17
A9,10,16,13
A10,11,12,19,15,16
A,14,15,19,20,18
A,17,18,20,21,22

KSCON,2,2,1,12
KSCON,13,2,1,6
KSCON,15,2,1,6

ESIZE,2
LESIZE,2,,.8
AMESH,1,2

ESIZE,4
LESIZE,15,,,10
LESIZE,23,,,15
LESIZE,16,,,12
LESIZE,21,,,12
LESIZE,24,,,12
LESIZE,25,,,12
AMESH,3
AMESH 4,5
AMESH,6,7

ESIZE,10
AMESH,8

FINI

/SOLU

ANTYPE,O
NSEL,S,LOC,X,0
D,ALL,UX,0
NSEL,ALL
NSEL,S,LOC,Y.,0
NSEL,R,LOC,X,10,50
D,ALL,UY,0
NSEL,ALL
NSEL,S,LOC,Y,100
SF,ALL,PRES,LOAD
NSEL,ALL

SOLVE
SAVE

FINISH

! DEFINE CRACK TIP ELEMENT LAYOUT

! DEFINE BOUNDARY CONDITIONS
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/INPUT,ms, txt ! CALL MACRO TO CALCULATE MULTIPLIERS

A.14 Orthotropic Cylinder under Internal Pressure
/BATCH

*SET,RI,30 I DIMENSION VALUES, MILLIMETER
*SET,RO,40

*SET,DIV,30 ! RADIAL DIVISION
*SET,HI,(RO-RI)/DIV

*SET,PRSR,250 | PRESSURE VALUE, MPa

*SET,XX,579.2 'YIELD STRESSES, MPa
*SET,YY,472.3
*SET,ZZ,630.9
*SET,RR,262.9
*SET,SS,262.9
*SET,TT,262.9

*SET, YMX, XX**2 ! MODIFIED INITIAL ELASTIC PROPERTIES
*SET,YMY,YY**2

*SET,YMZ,ZZ2**2

*SET,SMXY,RR**2

*SET,SMYZ,SS**2

*SET,SMXZ,TT**2

*SET,PXY,0.47*YY**2*(1/XX**2+1/YY**2-1/22**2)
*SET,PYZ,0.47*Z2Z2**2*(-1/XX**2+1/YY**2+1/22**2)
*SET,PXZ,0.47*2Z*2*(1/XX**2-1/YY**2+1/2Z2**2)

/IPREP7

ET,1,42 'ELEMENT TYPE
KEYOPT,1,3,1

UIMP,1,EX,EY,EZ,YMX,YMY,YMZ ! MATERIAL PROPERTIES

UIMP,1,NUXY,NUYZ NUXZ,PXY,PYZPXZ
UIMP,1,GXY,GYZ,GXZ,SMXY,SMYZ,SMXZ

K,1,RI,0 ! DEFINE GEOMETRY
K,2,RO,0

K.3,RO,HI

K.,4,RI,HI

L,1,2,DIV,1

L,2,3,1

L,3,4,DIV,1

L.4,1.1

A1,2,3,4

AMESH,1

FINISH
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/SOLU

ANTYPE,O
D,ALL,UY,0
NSEL,S,LOC,X,RI
SF,ALL,PRES,PRSR
NSEL,ALL

SOLVE

SAVE

FINISH

/INPUT,ams, txt

I APPLY BOUNDARY CONDITIONS

! CALL MACRO TO CALCULATE MULTIPLIERS

A. 15 Orthotropic Cylinder under Internal Pressure (Nonlinear Analysis)

/BATCH

*SET,RI,30
*SET,RO,40
*SET,DIV,30
*SET,HI,(RO-RIY/DIV
*SET,PRSR, 250

*SET,XX,579.2
*SET,YY,472.3
*SET,ZZ,630.9
*SET,RR,262.9
*SET,SS,262.9
*SET,TT,262.9

*SET,YMX,100993
*SET,YMY,95793.6
*SET,YMZ,100593
*SET,SMXY,36147.6
*SET,PXY,0.3610
*SET,PYZ,0.3450
*SET,PXZ,0.3406

/[PREP7

ET,1,42
KEYOPT,1,3,1

UIMP,1,EX,EY ,EZ, YMX,YMY,YMZ

! DIMENSIONS, MILLIMETER

! PRESSURE VALUE, MPa

I YIELD STRESSES, MPa

' YOUNG’S MODULI, MPa

I SHEAR MODULUS, MPa
I POISSON’S RATIOS

! ELEMENT TYPE

! DEFINE ELASTIC PROPERTIES

UIMP,1,NUXY ,NUYZ NUXZ,PXY,PYZ,PXZ
UIMP,1,GXY,GYZ,GXZ,SMXY,SMYZ,SMXZ

TB,ANISO,1 I DEFINE PLASTIC PROPERTIES
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TBMODIF,1,1,XX
TBMODIF,1,2,YY
TBMODIF,1,3,Z2Z
TBMODIF,3,1,XX
TBMODIF,3,2,YY
TBMODIF,3,3,ZZ
TBMODIF,5,1,RR
TBMODIF,5,2,SS
TBMODIF,5,3,TT

K,1,R1,0
K,2,R0O,0
K,3,RO,HI
K.4,RIHI
L.1,2,DIVA
L.2,3,1
L,3,4.DIV 1
L.4,1.1
A1,234

AMESH,1

FINISH

/SOLU

ANTYPE,O

TIME,1

AUTOTS,1

KBC,0
NSUBST,100,500,20
NEQIT,40
OUTRES,ALL,ALL
D,ALL,UY,0
NSEL,S,LOC,X,RI
SF,ALL,PRES,PRSR
NSEL,ALL

SOLVE

SAVE

FINISH

! DEFINE GEOMETRY

I SOLUTION CONTROL

| DEFINE DISPLACEMENT BOUNDARY CONDITION

! APPLY PRESSURE LOAD

I CALL MACRO TO CALCULATE MULTIPLIERS

A. 16 Transversely Isotropic Bridgman Notch Bar

/BATCH

*SET,LOAD,500

I TENSILE PRESSURE, MPa
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*SET,D1,26.416 ! DIMENSIONS, MILLIMETER
*SET,D2,21.082

*SET,R,6.858

*SET,H,30

*SET,XX,579.2 ' YIELD STRESSES, MPa
*SET,YY,472.3
*SET,ZZ,579.2
*SET,RR,262.9
*SET,SS,262.9
*SET,TT,366.6

*SET,YMX, XX**2 I MODIFIED INITIAL ELASTIC PROPERTIES
*SET,YMY,YY**2

*SET,YMZ,Z2Z2**2

*SET,SMXY,RR**2

*SET,SMYZ,SS**2

*SET,SMXZ, TT**2

*SET,PXY,0.47*YY**2*(1/XX**2+1/YY**2-1/2Z2**2)
*SET,PYZ,0.47°ZZ**2*(-1/XX**2+1/YY**2+1/2Z2**2)
*SET,PXZ,0.47*ZZ2**2*(1/XX**2-1/YY**2+1/2Z2**2)

/PREP7

ET,1,PLANE182 ! DEFINE ELEMENT
KEYOPT,1,3,1

UIMP,1,EX,EY,EZ,YMX,YMY,YMZ, ! DEFINE MATERIAL PROPERTY

UIMP,1,NUXY ,NUYZ,NUXZ,PXY,PYZ PXZ
UIMP,1,GXY,GYZ,GXZ,SMXY,SMYZ,SMXZ

BLC4,0,0,D1/2,H ! DEFINE GEOMETRY
CYL4,D2/2+R,0,R
ASBA1,2

K,10,0,H/2,,
K,11,D1/2+1,H/2,,
KBET,7,9,0,RATI,0.5,
L,10,11

L,2,10

ASBL,3,1

ASBL,2,2

LESIZE 4, , ,20,10,
LESIZE,12,,,20,0.1,
LESIZE,S, , ,20,0.1,
LESIZE 1, , ,12,1,
LESIZE,3, , ,12,1,
LESIZE,5,, ,12,1,
LESIZE,S, , ,12,1,
LESIZE,7,, ,12,1,
LESIZE,8, , ,12,1,
LESIZE,10, , ,12,1,
ASEL,ALL
AMESH,ALL
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CSYS,0
NSEL,S,LOC,Y,0
D,ALL,UY,0
NALL

NSEL,S,LOC,X,0
D,ALL,UX,0
NALL

SAVE

FINISH
/SOLU

ANTYPE,O0
NSEL,S,LOC,Y,H
SF,ALL,PRES,-LOAD
NSEL,ALL

SOLVE
SAVE

FINISH

/INPUT ,ams, txt

| DISPLACEMENT BOUNDARY CONDITIONS

I APPLIED LOAD

! CALL MACRO TO CALCULATE MULTIPLIERS
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Appendix B ANSYS Macros for Multiplier Evaluations

B.1 For Components Made of Isotropic Materials (ms.txt)

*DO,1,1,10
/POST1
SET,1

ETABLE,SEQV,S,EQV
ETABLE,VOL,VOLU
*GET,K,ELEM,0,COUNT

SOM1=0
SOM2=0
EQ=0
VT=0
S=0

*DO,J,1.K
*IF,ESEL(J),EQ,1,THEN
*GET,SS,ELEM,J,ETAB,SEQV
*GET,VL,ELEM,J,ETAB,VOL
*GET,NN,ELEM,J,ATTR,MAT
*GET,MOD,EX,NN
SOM1=SOM1+VL/MOD
SOM2=S0M2+8S**2*VL/MOD
EQ=EQ+SS**2*VL

VT=VT+VL

*IF,8S,GT,S, THEN

S=88

*ENDIF

*ENDIF

*ENDDO

YSS=S/YS

ECM=1/YSS
MO=YS*(SOM1/SOM2)**0.5
MML=2*MO*YS**2/(YS**2+(M0*S)**2)
AA=(MO*YSS)**4+4*(MO*YSS)**2-1
BB=-8*(M0)**3*(YSS)**2
CC=4*(M0)**3*YSS
DD=BB*BB-4*AA*CC

*IF,DD,LT,0, THEN

I TEN ITERATIONS

! SET INITIAL VALUES

| PERFORM SUMMATION FOR ALL ELEMENTS

I NORMALIZED YIELD STRESS
I ECM LOWER BOUND VALUE
I NEW MO VALUE

I NEW M’ VALUE

204



MA=0

*ELSE

MA=(-BB+SQRT(DD))/(2*AA) I NEW M-ALPHA VALUE
*ENDIF

MMO=YS*(VT/EQ)**0.5 ! BASIC MO VALUE

MMML=2*MMO*YS**2/(YS**2+(MM0*S)**2) | BASIC M’ VALUE
AA=(MMO*YSS)**4+4*(MMO*YSS)**2-1
BB=-8*(MMO0)**3*(YSS)**2

CC=4*(MMO)**3*YSS

DD=BB*BB-4*AA*CC

*IF,DD,LT,0, THEN

MMA=0

*ELSE

MMA=(-BB+SQRT(DD))/(2*AA) ! BASIC M-ALPHA VALUE
*ENDIF

*CFOPEN,multi,txt,, APPEND I EXPORT MULTIPLIERS

*YWRITE,MO,MML,MA,MMO,MMML,MMA ,ECM
(E15.8,3X,E15.8,3X,E15.8,3X,E15.8,3X,E15.8,3X,E15.8,3X,E15.8)
*CFCLOS

*CFOPEN,chgmod | WRITE MODULUS ADJUSTMENT FILE
MN=2

*DO,J,1,K

*IF ESEL(J),EQ,1,THEN
*GET,SS,ELEM,J,ETAB,SEQV
*GET,NN,ELEM,J ATTR MAT
*GET,YMN,EX,NN
ES=(YS/SS)*YMN
*CFWRITE,MP,EX,MN,ES
*CFWRITE,MP,NUXY,MN,POIS
*CFWRITE,MAT,MN
*CFWRITE,EMODIF,J,MAT,MN
MN=MN-+1

*ENDIF

*ENDDO

*CFCLOS

FINISH
/PREP7
RESUME

MP,EX,1,YM
MP,NUXY,1,POIS

*USE,chgmod ! PERFORM MODULUS ADJUSTMENT
FINISH

/SOLU
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SOLVE
SAVE
FINISH
*ENDDO

FINISH

B.2 For Two-Layered Structures (2ms.txt)

*DO,1,1,10
/POST1
SET,1

ETABLE,SEQV,S,EQV
ETABLE,VOL,VOLU
*GET,K,ELEM,0,COUNT

SU1=0
SL1=0
S$1=0

SuU2=0
SL2=0
52=0

EQ1=0
EQ2=0
VT1=0
VT2=0

*DO,J,1,K
*GET,SS,ELEM,J,ETAB,SEQV
*GET,VL,ELEM,J,ETAB,VOL
*GET,ELTP,ELEM,J,ATTR,TYPE
*GET,NN,ELEM,J, ATTR,MAT
*GET,MOD,EX,NN
*IF,ELTP,EQ,1,THEN
SU1=SU1+YS1**2*VL/MOD
SL1=SL1+8S**2*VL/MOD
EQ1=EQ1+SS**2*VL
VT1=VT1+VL
*IF,SS,GT,S1,THEN

51=88

*ENDIF

*ELSE
SU2=8U2+YS2**2*VL/MOD
SL2=8L2+8S**2*VL/MOD
EQ2=EQ2+SS**2*VL
VT2=VT2+VL
*IF,88,GT,S2,THEN

S2=88

! TEN ITERATIONS

! SET INITIAL VALUES

! PERFORM SUMMATION FOR ALL ELEMENTS

206



*ENDIF
*ENDIF
*ENDDO

ARB1=(EQ1/VT1)**0.5
ARB2=(EQ2/VT2)**0.5
YSS1=81/YS1
YSS2=52/YS2

*IF,YSS1,GT,YSS2, THEN
YSS=YSS1

*ELSE

YSS=YSS2

*ENDIF

ECM=1/YSS
MO=SQRT((SU1+SU2)/(SL1+SL2))
MML=2*MO/(1+(M0*YSS)**2)
AA=(MO*YSS)**4+4*(MO*YSS)**2-1
BB=-8*(M0)**3*(YSS)**2
CC=4*(M0)**3*YSS
DD=BB*BB-4*AA*CC

*|F,DD,LT,0, THEN

MA=0

*ELSE
MA=(-BB+SQRT(DD))/(2*AA)
*ENDIF

*CFOPEN,multi,txt,, APPEND

*VWRITE,M0,MML,MA ,ECM,ARB1,ARB2

| REFERENCE STRESS OF LAYER ONE
! REFERENCE STRESS OF LAYER TWO

! OBTAIN LARGER NORMALIZED MAX STRESS

I ECM LOWER BOUND VALUE
1 MO VALUE
M VALUE

! M-ALPHA VALUE

I EXPORT MULTIPLIERS

(E15.8,3X,E15.8,3X,E15.8,3X,E15.8,3X,E15.8,3X,E15.8)

*CFCLOS

*CFOPEN,chgmod

MN=3

*DOJ1,K
*GET,SS,ELEM,J,ETAB,SEQV
*GET,ELTP,ELEM,J ATTR,TYPE
*GET,N1,ELEM,J, ATTR,MAT
*GET,YMM,EX,N1
*IF,ELTP,EQ,1,THEN
ES=(YS1/SS)*YMM

*ELSE

ES=(YS2/SS)*YMM

*ENDIF
*CFWRITE,MP,EX,MN,ES
*CFWRITE,MP,NUXY,MN,POIS
*CFWRITE, TYPE,ELTP
*CFWRITE,MAT,MN
*CFWRITE,EMODIF,J
MN=MN+1

*ENDDO

*CFCLOS

! WRITE MODULUS ADJUSTMENT FILE
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FINISH

/{PREP7

RESUME
MP.EX,1,YM1
MP,NUXY,1,POIS
MP,EX,2,YM2
MP,NUXY,2,POIS
*USE,chgmod | PERFORM MODULUS ADJUSTMENT
FINISH

/SOLU

SAVE

SOLVE

FINISH

*ENDDO

FINISH

B.3 For Components Made of Anisotropic Materials (ams.txt)
*DO,1,1,10 ! TEN ITERATIONS

A12=XX**2*(1/XX**2+1/YY**2-1/Z2**2) | CALCULATE ANISOTROPIC PARAMETERS
A23=XX**2*(-1/XX**2+1/YY**2+1/2Z**2)

A31=XX*2*(1/XX**2-1/YY*2+1/ZZ**2)

Ad4=(XX/RR)**2/3

A55=(XX/SS)**2/3

ABB=(XX/TT)**2/3

YS=XX ! REFERENCE YIELD STRESS
/POST1

SET.1

ETABLE,SX,S,X I OBTAIN STRESS COMPONENTS

ETABLE,SY,S,Y
ETABLE,SZ,8,Z
ETABLE,SXY,S,XY
ETABLE,SYZ,S,YZ
ETABLE,SXZ,8,XZ
ETABLE,VOL,VOLU
*GET,K,ELEM,0,COUNT

SOM1=0 I SET INITIAL VALUES
SOM2=0

208



EQ=0
VT=0
S=0

*DOJ,1.K
*GET,S1,ELEM,J,ETAB,SX
*GET,S2,ELEM,J,ETAB,SY
*GET,S3,ELEM,J,ETAB,SZ
*GET,S4,ELEM,J,ETAB,SXY
*GET,S5,ELEM,J,ETAB,SYZ
*GET,S6,ELEM,J,ETAB,SXZ
*GET,VL,ELEM,J,ETAB,VOL
*GET,NN,ELEM,J,ATTR,MAT
*GET,MOD,EX,NN

| PERFORM SUMMATION FOR ELEMENTS

T1=0.5*(A12*(81-S2)**2+A23*(S2-S3)**2+A31*(83-S1)**2)
T2=3*(A44*S4**2+A55"S5"*2+A66*S6**2)

SS=(T1+T2)**0.5
SOM1=SOM1+VL/MOD
SOM2=SOM2+SS**2*V/LIMOD
EQ=EQ+SS**2*VL

VT=VT+VL

*IF,SS,GT,S, THEN

S=SS

*ENDIF

*ENDDO

YSS=S/YS

ECM=1/YSS
MO=YS*(SOM1/SOM2)**0.5
MML=2*MO*YS**2/(YS**2+(M0*S)**2)
AA=(MO*YSS)**4+4*(MO*YSS)**2-1
BB=-8*(M0)**3*(YSS)**2
CC=4*(M0)**3*YSS
DD=BB*BB-4*AA*CC

*IF,DD,LT,0, THEN

MA=0

*ELSE
MA=(-BB+SQRT(DD))/(2*AA)
*ENDIF

*CFOPEN,multi,txt,, APPEND
*“VWRITE,MO,MML,MA ,ECM
(E15.8,3X,E15.8,3X,E15.8,3X,E15.8)
*CFCLOS

*CFOPEN,chgmod

MN=2

*DOJ, 1K
*GET,S1,ELEM,J,ETAB,SX
*GET,S2,ELEM,J,ETAB,SY
*GET,S3,ELEM,J,ETAB,SZ
*GET,S4,ELEM,J,ETAB,SXY
*GET,S5,ELEM,J,ETAB,SYZ
*GET,S6,ELEM,J,ETAB,SXZ

IEFFECTIVE STRESS

! ECM LOWER BOUND VALUE
! MO VALUE
! M’ VALUE

I EXPORT MULTIPLIERS

I WRITE MODULUS ADJUSTMENT FILE
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*GET,NN,ELEM,J, ATTR,MAT
*GET,MX,EX,NN

*GET,MY,EY,NN

*GET,MZ,EZ,NN

*GET,MXY,GXY,NN

*GET,MYZ,GYZ,NN

*GET,MXZ,GXZ,NN
T1=0.5*(A12*(S1-52)**2+A23*(S2-53)**2+A31*(S3-51)**2)
T2=3*(Ad4*S4**2+AB5*S5"2+A66*S62)
SS=(T1+T2)*0.5 | EFFECTIVE STRESS
ESX=(YS/SS)*MX

ESY=(YS/SS)*MY

ESZ=(YS/SS)*MZ

ESXY=(YS/SS)*MXY

ESYZ=(YS/SS)*MYZ

ESXZ=(YS/SS)*MXZ
*CFWRITE,UIMP,MN,EX,EY,EZ,ESX,ESY,ESZ,
*CFWRITE,UIMP,MN,NUXY,NUYZ,NUXZ,PXY,PYZ,PXZ
*CFWRITE,UIMP,MN,GXY,GYZ,GXZ,ESXY,ESYZ,ESXZ
*CFWRITE,MAT,MN

*CFWRITE,EMODIF,J

MN=MN+1

*ENDDO

*CFCLOS

FINISH

/PREP7

RESUME

UIMP,1,EX,EY,EZ YMX,YMY,YMZ
UIMP,1,NUXY,NUYZ NUXZ,PXY ,PYZ,PXZ
UIMP,1,GXY,GYZ,GXZ,SMXY,SMYZ,SMXZ
*USE,chgmod ! PERFORM MODULUS ADJUSTMENT
FINISH

/SOLU

SOLVE

SAVE

FINISH

*ENDDO

FINISH
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