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INTRODUCTION

CREEP-PLAST is an elastic-plastic-creep analysis finite element

program developed by Dr. Y. R. Rashid [1] . It was released to the general

public by the Oak Ridge National Laboratory in 1972. .In this work the

authors report the results of an evaluation of the CREEP-PLAST Program in

the performance of high temperature structural analyses.

The assumptions in the formulation of the program are first .

reviewed. Program operations and user oriented pre-processer and post-

processer subroutines are then discussed. A series of bench-mark problems

ranging from elastic-plastic to elastic-plastic-creep analysis are then

solved and the results are compared with known solutions. A brief discusr-

sion of the role of experimentation in the evaluation of an elastic-plastic-

creep program is then made. Some general discussion and conclusions complete

the paper.

PROGRAM FORMULATION

The theory utilized in the CREEP-PLAST Program is described in [1],

..The basic assumptions made therein are:

1» Plasticity and.creep occur simultaneously.

2. The von Mises yield criterion and kinematic hardening are used

in the plastic analysis. As an option, the ten cycle hardening

rule suggested by the Oak Ridge National Laboratory [63 may be

used for the short time elastic-plastic properties.

3. There are two alternative creep formulations:

a. Equation of State

b. Memory Theory

As an option, the auxiliary creep relation proposed by Oak Ridge

National Laboratory [63 may be used in the case of creep with

cyclic load reversals.

Numbers in brackets indicate references at the end of the Paper.



PROGRAM OPERATIONS

CREEP-PLAST was initially developed on the UNIVAC 1108 machine

and later placed on the IBM system. A CDC version of this program was

. converted from the IBM version with modifications to improve program opera-

tion. These modifications are:

t

— A number of subroutines which are not required on CDC 6600

are removed from and some new ones are added to the system.

Among the deletions are mesh generation, the bar element,

and certain input-output subroutines." Among the additions

are temperature loading history generation, output data

selection, and control parameter definitions. A list of . ..

subroutine names in the CDC version is given in Table' 1.

-- The original seven segment overlay structure: is replaced by

a new two segment arrangement which reduces input-output

time and speeds up the execution. For large problems, a

1:1 I/O to CP time ratio has been observed.
«

-- The program is operated with single precision arithmetic.

Figure 1 illustrates the program flow and the reader is referred to

the user's manuals [13> C2J for a detailed discussion of the program. This

particular arrangement of-the. program is based primarily on the authors'

preference. Other forms of the program structure can be arranged. •

In high-temperature structural analysis two important loading con-

ditions usually encountered are mechanical and thermal loadings. The temperature

loading history in-the.structure is, in most cases, calculated separately

from stress computations. Since CREEP-PLAST does not provide a thermal

analysis capability, a pre-process program [3] has been developed for



CREEP-PLAST which generates both mes'> tape and temperature history tape from

a finite element thermal analysis program [4"]. This pre-process program

has the optional capability of modifying the mesh used in the thermal

analysis. It can also be used to compute the.maximum temperature gradient

within the structure at each time step and the maximum temperature difference

of the structure between two consecutive time steps.

In thermal analysis, the time steps are chosen to give an adequate

picture of the temperature gradients and temperature changes with time.

After the thermal analysis results are obtained, gradients and temperature

changes with time can be examined. The pre-process program permits the

discrete selection of the appropriate nunbar of time steps required for inelas-

tic analysis. This procedure can substantially reduce the computation costs.

The pre-process program also includes the capability by which

the given geometry may be plotted to avoid unnecessary input errors. It

also may be used to verify the numbering system as well as to check the

bandwidth of the mesh and'some key dimensions of the structure.

The output arrangement in CREEP-PLAST is very clRar and easy to

understand. However, certain post-process features have to be related to

the system in order to interpret the output results more conveniently.

Output graphic representations which are included in the post-process

program [3] are a very useful feature. Soms of these are: the original

and deformed mesh plot, the temperature and stress contour plot, and the

tiir.e series plot. Experience has shown that time series plots are very

useful in the study oF .<;train range, strain accumulation and thermal

r.iLcIicting in cyclic cla'nt Lc-plastic-creep (EPC) analysis. This post-

process program also includes the creep damage factor calculation as



required by ASME Code Case 1331. However, since the strain components

shown in the CREEP-PLAST output are total strains (elastic plus inelastic)

the inelastic strains must be separated from' the elastic strains at each

time step prior to the post-process computations. In addition to creep

damage, fatigue damage of the material under cyclic loadings can be

calculated [5]. Consequently, the effect of combined creep and fatigue

damage can be studied.

STIFFNESS MATRIX AND SOLUTION PROCEDURE

A constant strain triangular element [73 is used in CREEP-PLAST.

In some cas.es, the average stress of two elements has to be used in.order

to obtain a smooth representation of the stress distribution in a structure

being analyzed. Because of the special arrangement of the master stiffness

matrix assemblege, restrictions do exist with regard to nodal point identi-

fication. A maximum difference is imposed on the indices of any two adjacent

nodes and the number of connections to a node as well as their nodal numbers

are also restricted. These restrictions yield the limit to the half-band^-

width acceptable to the program. As long as the geometry of the given

structure is regular, these nodal point restrictions do not present any

difficulty. However, special attention must be paid to the nodal point

numbering system if the structure is a complicated multiconnected body.

Based on the tangent modulus method, at each time step, element

stiffness matrices are generated and the master stiffness matrix is

reassembled. The singularity of element stiffness matrix caused by the

flattening of the stress-strain curve is checked for each element; this

check ensures well conditioning of the master stiffness matrix for the

computation of incremental displacements.



CREEP-PLAST accepts only constant nodal point displacement

constraints. It cannot solve the generalized plane strain problem in

axisymraetric analysis because it lacks the capability of tying certain

degrees-of-freedom at a given surface of the structure! Furthermore,

without modifying the existing element formulation, only plane stress and

plane strain problems can be analyzed in two dimensional space. The master

stiffness matrix is decomposed at each time step using Choleski's method.

The option to decompose the master stiffness matrix, at every given number

of steps is not provided. That option would save some computing time.

There is no option for scaling the elastic load to the magnitude that would

cause the first element to yield. The user must, assume the duty of .estimat-

ing the yield load of the structure.

BENCH-MARK PROBLEMS

The method of evaluation of the CREEP-PLAST Program used herein

is the comparison of the numerical solutions obtained from the Program

with known solutions. In .seven of the cases below, the known solutions

are analytic or mainly analytic. In one case, the CREEP-PLAST solution is

compared to another finite element solution.

1. Uniaxial-Elastic-Plastic

The uniaxial tensile test specimen with loading and unloading

into the plastic regime is the first problem considered. These results

evaluate the Program for uniaxial loading and unloading characteristics in

terms of yielu magnitudes and Che assumption of kinematic 'hardening. The

load sequence is assumed to be:

a. Loading in tension beyond yield

b. Unloading and compression beyond yield

Ct Unloading and tension beyond yield



The results of CREEP-PLAST nre shown in Figure 2, Good agree-

ment with the exact solution is demonstrated.

2. Uniaxial-Elastic-Creep '

Three elastic-creep analyses of a bar subjected to uniaxial

stress at constant temperature were performed. In each analysis a different

creep law was used. In the first two analyses, constant stress was used.

a. In the first analysis, both equation of state and memory

theory options were used. The linear creep law utilized was:

e = 6.4 x 10' 1 8 a4*4 t
c

The results as shown, in Figure 3 were equally good for each option and com-

pared very well with the exact solution. , -

»
b. The equation of state option was chosen in the second

analysis with the linear creep law:

ec = 1.2445 x 10"29 a 4* 6 7 8 t

Good agreement between CREEP-PLAST and the analytical solution are shown in

Table 2*.

c. The third creep analysis was performed with the memory theory

option. As shown ir,. Figure 4 large time steps may be used because of the

excellent stability of this approach. The creep lav; used in this analysis

is the Bl.ickburn equation:

£ c » f(a)[l-exp{-r(a)t}] + g(o)t

f(a) •» 3.476 x 10~4 exp(0.000208a)

" *r(a) = 3.991 x 10~5 (a /1000) 2* 0 9 4

g(a) = 1.02 x 10~U exp(0.000734a)



3. Thick Cylinder-Elastic-Plastic-Internal Pressure

Elastic-plastic analysis of a thick cylinder subjected to internal

pressure under plane strain conditions is a classic problem. Under the

assumption of kinematic hardening with a bilinear stress strain relation-

ship Chern [fi] obtained an analytical solution to this problem. The finite

element result was obtained by monotonically increasing the internal pres-

sure to the desired level. The variation of hoop stress and radial stress

of both CREEP-PLAST and Chern's solution are shown in Figure 5. The close

agreement between the solutions can be seen.

4 * Thick CylincIcr-FJ.nstic-Plnstic-Therinal Load

An elasLie-plastic analytical solution" of a thick cylinder sub-

jected to a linearly varying radial temperature gradient is also obtained

from Chern [8]. The temperature at the inner surface of the cylinder is

assumed to be zero at all times and the temperature at the outer surface of

the cylinder varies from 0°F to 90°F and then from 90°F to 0°F. The prob-

lem is'solved on the basis of plane strain conditions with a bilinear stress

strain relationship. The finite element analysis was carried out three

times. The temperature history was subdivided into 11, 19, and 37 load

steps, respectively. All the results are satisfactory. Figure 6 and

Figure 7 illustrate the variation of hoop stress and axial stress, respec-

tively, through the thickness of the cylinder for the 11 load step

finite element solution and for the analytical solution.

5. Thick Cylinder-Elastic-Plastic-Pressure and Thermal Nonpropor-

tlonal Loading

The loading conditions considered in tue previous problems are

proportional loadings. In this problem a thick cylinder subjected to both

internal pressure and a non-proportio.ial radial temperature history is



studied. The internal pressure is constant. The temperature distribution

is initially constant and then non—proportionally changed to a second

uniform distribution. The analytical elastic-plastic solution to this

problem is computed frora [8] and is used as a bench-mark for the finite

element result. A comparison of the radial stress of the two solutions

is shown in Figure 8. The results are plotted at various load steps.

6. Thick Cylinder-Elastic-Creep-Pressure Load

Stress relaxation due to creep in a thick cylinder subjected to

constant pressure under plane strain conditions is studied. The memory

theory option in CREEP-PLAST was used for this solution. Figure 9 shows .

the time variation of effective stress at both th'e inr<er and outer, element

of the cylinder. Figure 10 and Figure 11 illustrate the hoop stress and

radial stress variations, respactively, along the radial direction.

The black dots are the points obtained from CREEP-PLAST. The

comparative solution is shown as a solid line. It is a finite element

solution obtained by Sutherland and appears in [9]. An analytic solution

is now beii.p, carried out by the use of Chern C#]. In all the cases in

problem 6 the creep law shown in problem. 2a was used.

7. Thick Cylinder-Elastic-Plastic-Creep-Pressure and Cyclic Thermal Load

The elastic-plastic-creep behavior of a thick cylinder subjected

to a cyclic thermal loading condition is studied. The load cycle consists

of a constant internal pressure and a titne varying, linearly distributed

radial temperature gradient. The temperature at the inner*surface of the

cylinder is maintained at a datum temperature of 803 F. The temperature at

the outer surface is increased from 800 F to 1050 F in a very short time

period and held at 1050 F for 156 hours. The outer surface temperature is

then rapidly decreased from 1050°F to 800°F to complete a load cycle. The



finite element analysis was performe-' for two load cycles and the results

were compared with an analytical solution computed from C8J. The finite

element and analytic numerical comparisons are almost identical. The

results of hoop stress and plastic hoop strain at the inner element of the

cylinder are plotted as shown in Figure 12 and Figure 13, respectively.

The connecting lines are there solely to indicate trends.

8. Beam-Elastic-Plastic-Pure Bending

The problem of elastic-plastic bending of a beam under a pure

moment loading at constant temperature was studied with CREEP-PLAST. The

.result (dashed line) is compared in Figure 14 'co the analytical solution

(solid line) for an elastic-perfectly-plantic material. The results as

shown in Figure 14 indicate a stiffer beam for CREEP-PLAST than for

the analytic elastic-plastic solution. This is.reasonable because the

finite element approximations do stiffen the beam in bending. In addition

a bilinear stress-strain curve with slight hardening [E1/E = 0.002] was

used with CREEP-PLAST.

COMPARISONS TO SO'fE EXPERIMENTS

The use of experimental results as a bench mark for finite element

solutions of problems in plasticity and creep is a questionable procedure.

In elasticity the elastic modulus i-.nd Poissoa's ratio for a given material

and for a wide range of fabrication procedures and operating conditions are

defined within a fairly narrow bniul. Uniaxlal tests can be extended, to

mult ia::ial behavior with good results. Tim?; elastic tuuilytical results on

a part can be compared to experiment with v. reasonable degree of assurance

that the basic parameters in the analysis and i.i the experiment are similar.

The sane situation doo.c not apply to inelastic behavior. In terms of plastic

and creep behavior the bool; values are frequently very <' "ferent than the
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materials used in an experiment. The consistency of these inelastic

parameters and their extension to multiaxial behavior is frequently
i

variable through the structure.

Two examples are shown herein. In Figure 14, the experimental

results for short time elastic plastic beam bending are shown to be close

to the analytical solution in the elastic regime but substantially dif-

ferent in its inelastic behavior.

The long time [800. hour] results shown in Figure 15 also show a

substantial difference in strain and strain rate between experiment and

analysis. It should be noted that the results of creep calculations pre-

sented in Fig. 15 are based on the built-in Blackburn's equation in CREEP-

PLAST and not on creep data obtained from the same heat of material as that

used Co fabricate the beam. At this writing,'creep data for the same heat

of material is being obtained.

DISCUSSION AND CONCLUSION

A limitation of the CREEP-PLAST Program for use in analysis is
«
t

•'•- that it only has a triangular element. Although a triangular element can

be used for finite element analysis, the writers wish to express their

prejudice for the use of a quadrilateral element. It is not an easy task

to implement a quadrilateral element into the program for the reason that *

a large amount of program coding must be modified.

Most of the large inelastic computei* programs currently available '

for use are proprietary programs. CREEP-PLAST is one of the few programs

available in the public domain so that it may be fully evaluated by the user.

The writers are satisfied with the performance of the Program,

but have had to add a number of pre-process and post-process programs in
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order to make CREEP-PLAST more user oriented. Furthermore, additional

modifications to include general time dependent displacement constraint and

generalized plane strain element would certainly increase the capability

and broaden the usage of the program.
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TABLE 1
t

SUBROUTINE NAMES IN THE CDC VERSION AND

THE TWO SEGMENT OVERI.AY STRUCTURE

ROOT SEGMENT

MAIN

INVERT

MEMORY

SHIFT

MATCON

STATE

MTRAN

STATE

STRAIN

FIRST SEGMENT

DATIN

GEE

TEMPTP

NTAP

PARAME

PRINT

RESTAR

SECOND SEGMENT

ANAL

STIFF

STCREP

SOLVE

SOLE

CALC

CREEP

DUMP

TABLE 2

CREEP STRAIN VS. TIME

TIME (10° Hrs.)

1.000

2.500

4.750

7.563

CREEP STRAIN

EXACT • CREEP-PLAST

1.3 E-6

3.3 E-6

6.4 E-6

10.2 E-6

1. E-6

3. E-6

6. E-6

10. E-6



FIGURE CAPTIONS •«•

Fig. 1 Flow Diagram of CREEP-PLAST (CDC Version)

Fig. 2 Elastic-Plastic Analysis (Stress vs. Strain) - Uniaxial

Tension Test Specimen

Fig. 3 Creep Analysis (Creep Strain vs. Time) - Uniaxial Tension

Test Specimen

Fig. 4 Creep Analysis (Creep Strain vs. Time) - Uniaxial Tension

Test Specimen

Fig. 5 Elastic-Plastic Analysis (Variation of ofl and -a ) - Thick

Cylinder Subjected to Internal Pressure

Fig. 6 Elastic-Plastic Analysis (Variation of o j - Thick Cylinder

Subjected to Proportional Thermal Load

Fig. 7 Elastic-Plastic Analysis (Variation of o" ) - Thick Cylinder
z

Subjected to Proportional Thermal Load

Fig. 8 Elastic-Plastic Analysis (Variation of aD) - Thick Cylinder

Subjected to Non-Froportional Load

Fig. 9 Creep Analysis (Effective Stress vs. Time) - Thick Cylinder

Subjected to Internal Pressure

Fig. 10 Creep Analysis (Variation of a- and Effective Stress) -

u
Thick Cylinder Subjected to Internal Pressure

Fig. 11 Creep Analysis (Variation of -a and a ) - Thick Cylinder

Subjected to Internal Pressure

Fig. 12 Elastic-Plastic-Creep Analysis (oQ vs. Load Step) - Thick
U

Cylinder Subjected to Internal Pressure and Temperature Load
• ' P

Fig. 13 Elastic-Plastic-Creep Analysis (efl vs. Load Step) - Thick

Cylinder Subjected to Internal Pressure and Temperature Load

Fig. 14 Creep Analysis (Moment vs. Strain) - Creep Bending Test

Fig. 15 Creep Analysis (Strain vs. Time) - Creep Bending Test
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