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I. introduction 

When structural components are subjected to severe cyclic loading 
conditions with intermittent periods of sustained loading at elevated temper
ature, the designer must guard against a tailure mode caused by the 
interaction of time-dependent and time-independent deformation. This 
phenomena is referred to as creep-fatigue interaction. A recent compendium 
by Conway, Stenz, and Berling [1J offers a historical perspective for a > 
decade of work aimed at providing a pnysical/mathematical description of 
this process. 

Although low-cycle fatigue data con generally be correlated as a 
function of the nominal strain range and the number of cycles, and stress 
rupture data correlated as a function of constant stress mag-J.tude and time, 
the interaction problem has not been treated with uniform success. The most 
elementary form of interaction theory (called 1inear damage summation) is 
now embodied in the ASHE Boiler and Pressure Vessel Code [2] to provide 
design rules against creep-fatigue failure in Class 1 nuclear construction. 
This simple interaction theory can be shown to give reasonable results (and, 
therefore, provide sufficient conservatism) for a class of uniaxial experi
ments that are strain-controlled for the cyclic deformation and stress-
controlled during hold periods. Mote eoir.plox '.'niaxial strain histories have 
not been as amenable to simple treatment, lioweve:, and, except for the quasi-j 
multiaxial experiments of Zamrik, ot al. (31, no multiaxial examination of 
creep-fatigue damage has been at t^cipted. 

In recent years, a competitor Jor the iincar damage summation theory j 
line emerged—called cttainranne partitioning 14]. This procedure is based t 

upon the visualization of the cyclic strain in a uniaxial creep-fatigue 
test as a hysteresis loop, with i.hc inelastic strains in the loop counter- ' 
baLanced in one of two vay*s: j 
(a) tensile creep strain balanced by compressive creep strain, tensile 
plastic strain balanced by compressive plastic strain, and tensile plastic j 
•jtrain balanced by compressive creep strain; or (b) tensile creep strain i 
balanrcd oy compressive plastic strain. Th.-» former of these would constitute j 
a repeated cycle partitioned into ^ ,- c c, ^ e* ) p, and AeP c; the latter would be 
paicitioncd into ^ t c c , -icPP, and A<=Cp. A more complete discussion of the 
method can be found in [5]. 

Since most design analysis of elevated temperature components is nulti- j 
axial in nature, both th^ linear damage summation and strainrange partition- i 
:ng methods ,:ave been extended from the uniaxial visualizations, primarily | 
through the use of inelastic strain invariants. In this way, "effective" j 
plasti." strain and "effective" creep strain play the same roles as uniaxial 
plastic and creep strains. However, the terminology "tensile" and I 
"compressive" require interpretation and some procedure for treating the I 
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<\ strain^ that is accumulated (unbalanced) during the cycle is needed. Linear 
damage summation avoids these two difficulties but introduces others. 1'or 
instance, since the creep damage term is written 

where T, is the creep rupture time at stress and temperature, and since the 
stresses in .̂  component during cyclic operation are both time-varying and 
multiaxial, some critical assumptions must be made. First, T, is written as 
a function of effective stress, £?; second, inaccuracy in the integral 
evaluation due to the large variations in T, with respect to small changes 
in temperatULe, is ignored. Doth linear damage summation and strainrange 
partitioning are subject to difficulties regarding the definition of a 
"cycle." 

In order to test these two damage theories, measurements from a multi-
axial experiment are needed. Hone are yet available, although some crucial 
questions may be answered by the program begun by the Japanese [6]. Rather 
than wait for these results, however, an analytical comparison has been 
developed here, with its primary focus on the application of both theories 
to a set of verified multiaxial finite element calculations. In the next 
section, the analysis of a thin-walled, high-temperature piping segment is 
described and the calculations arc compared to experimental results in 
order to verify their accuracy. Sections after that describe the applica
tion of linear damage summation and of a mod ified version of strainrange 
partitioning to these calculations. The two theories are then compared and 
contrasted in terms of ease of use, possible inconsistencies, and component 
life prediction. Future work to further test the damage theories is recom
mended . 

2. Description of the Physical Model 
The physical configuration for which the damage calculations are done 

is the thermal pipe ratchetting experiment conducted at ORNL [7J. In this 
experiment a 304 stainless steel (Heat 9T2796) pipe segment (radius of 
3.85 mm, wall thickness of 9.53 mm) is subjected to cyclic loadings result
ing from internal liquid sodium pressure and thermal histories depicted in 
Fig. 1. 

Quantities required for the damage calculations are obtained through 
a stress analysis of a mathematical model of the experiment. To this end, 
the pipe is modeled as a generalized plane strain problem, which corresponds 
to treating the pi^e as though it were infinitely long and capped at both 
ends. Temperature histories in the pipe wall resulting from temperature 
variations in the sodium are determined by an independent transient thermal 
analysis. Material properties are input as functions of temperature. 



i'lâ lie/ity with kinoiiuili^ hardi.nt.'ig and CCI.-.M- with strain ijarconing ore 
used to represent the inelastic (Hater in 1 rornanuc. Instead of a functional 
Corm for the creep law, empirical creep data given in [7] is supplied in 
tabular form Econventicn.il creep laws for 304 stainless steel do not 
adequately represent the creep data Cor this particular heat). 

The analysis is carried through three loading cycles using a genera! 
purpose, nonlinear, structural I. inite element code, ftosults for the outer 
fiber hoop stress-strain path arc given in Fig. 2. The lower case letters 
on the curve correspond to equivalent letters on thermal and pressure 
histories given in Fig. 1. Focusing on the first cycle (the first a-f 
series) the "ab" segment of the curve indicates significant plastic defor
mations. The major creep deformation occurs in 'he "ef" segment where the 
pipe is held under essentially constant load for 160 hours at the highest 
temperature of the cycle, 593°C (110Q°F). The three ranges marked on the 
abscissa in Fig. 2 represent the hoop strain at the ends of the first, 
second, and third cycles, as measured in the ORNL experiment. Comparing 
similar data from the analysis, denoted by the three £'s on the curve in 
Fig. 2, to these ranges, good correlation is evident between the experi
mental and analytical results. 

The pipe wall model is appropriate for damage calculations Cor several 
reasons. it represents a teal world problem in that it simulates 
structural behavior that occurs in the prinnry pining system of an LMFBR 
during a series of reactor transients. The level of complexity of the model 
is sufficient to pose many of the problems that .tight arise in attempting 
to perform damage computations en a componrnt. For example, in addition to 
multiaxial stress states, the temperature varies with position and time 
throughout the cycle, plastic ,~n<) creep material behaviors are present, 
both of which contribute to strain accumulation, and the loading is non-
proportional. The two methods for computing damage are, therefore, 
meaningfully tested when applied to this model. 

One drawback of the model is that the experiment at ORNL was not 
carried out to failure. Consequently, quantitative comparisons between 
experimental life cycle data and that predicted by damage calculations are 
not possible at this time. 

3. Damage by the Linear Damuge Summation Rule 
The linear damage summation rule which is set down in the ASHE Boiler 

and Pressure Vessel Code (2j is given by the relation 

t W , : ± ft), <- •>• 
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in, eq." {A)r n IC ino :;.::::; <.: r oi oppi icu cycles ot loading condition j. 
symbol t represents the time duration of the K load condition. The 

f allowable 
de£ ined by 

where A y = ̂  - e ^ , A E y_ = s y 

extreme condition within the cycle). The relationship betwaen N, and 
A« . for both 304 and 316 stainless steels is shown graphically in 
Fig. T-1420.1 [21, for various temperatures. The quantity T. in eq. {2) 
is the allowable time at the stress value of o- fe/.9, where a_„ is the 
effective stress induced by the k load. For various fcemperaturesf the 
dependence of T, on tr „/.9 is displayed graphically in Fig. 1-14.6 [2). 
The symbol, D, denotes the allowable creep-fatigue damage. Its functional 
relationship to the two sums ir -q [2) is depicted in the graph of Fig. 
T-142G.2 (21. 

The first sum in eq (2) accounts for fatigue damage and the second 
represents creep-rupture damage. Damage due to accumulated plastic 
strain is not incorporated in this damage rule- This omission may result 
from the fact that strain limits exist elsewhere in the ASME Code to 
restrict the accumulation of inelastic strain. 

Noting the manner in which the strainrange is determined above, 
fatigue damage is predicted e.en when the strain is sot cyclic. Although 
inaccurate, this procedure is conservative. Additional conservatism occurs 
in the creep-rupture term as creep reversals within the cycle ace treated as 
strictly damage generating without accounting for damage healing processes. 

Linear damage summation has come under attack in recent years due to 
its over-conservatism. Consequently, the method of strainrange partitioning 
has arisen as a possible alternative for damage evaluation. The next section 
proposes a technique for extending strainrange portioning to multiaxial 
stress states. 

4, Damage by Strainrange Partitioning 
At the outset, two forms of strainrange partitioning for multiaxial 

stress states were considered for these damage calculations, one proposed 
by S. S. Hanson and G. K. Halford [8J and the other by J. H. Duke 19}, As 
it stands; the fatigue portion of the Hanson procedure is not directly 

.applicable in this case because of its restriction to proportional loading. 
Although' not sharim3 this restriction, the method proposed by Duke is 
unsettling in that it predicts fatigue damage even .when strains are not 



reversed. consequently, a new met,hod Cor carnage assessment was constructed 
to circumvent these diff icultief:. 

Basically, the fatigue portion of the new method is modeled after that 
proposed by Hanson and Halford in that the notion of a dominant direction 
based on stress is retained. However, in contrast to using principal 
stresses to define this direction, principal stress deviator? are used, con
sistent with plasticity and creep material models for metals. This insures 
that the dominant direction corresponds to the direction of the largest 
inelastic principal strain component. 

Also in constrast to the Hanson procedure the new method is not 
restricted to proportional loading. This restriction occurs in the Manson 
technique because a dominant direction is defined for the complete cycle 
base on principal stress directions. Thus, it is important that the prin
cipal stress directions remain fixed throughout the cycle; hence the neces
sity of proportional loading. In the current method, this restriction is 
relaxed by defining the dominant direction at a number of temporal points 
throughout the cycle (using principal stress deviators). The sign deter
mined from the dominant direction at each point is applied to the effective 
strain increment occurring between the previous and current points. In this 
manner the dominant inelastic strain is driven by the corresponding dominant 
stress deviator throughout the cycle, regardless of the direction of this 
deviator. Consequently, the method is not restricted to loadings which 
are proportional. This procedure is described in greater detail in steps 
"a" through "e" below. 

The damage caused by accumulated strain in the new method is assessed 
by the technique proposed by Duke. Although the procedure set forth by 
Manson and Halford for determining this damage is conceptually similar. 
Duke's technique is more precisely defined and thus easier to implement. 
Tti is technique is reproduced in steps "f" and "g" below. 

The following list itemizes the details of the present method. 
ia) Each effective plastic incremental strain in the cycle is given a sign 

based on the sign of the principal stress deviator with the largest 
magnitude at the-end of the increment. Because of the flow rule 
normality assumption, this sign corresesponds to that of the principal 
incremental plastic strain component with the largest magnitude. 

(b) Accumulating both the positive and negative effective strain increments 
throughout the cycle, the plastic strainrange, Ae^P, is defined as the 
smaller (in magnitude) of these two sums. The plastic strain residual 
is defined as the algebraic sum of the positive and negative effective 
strain accumulations. 

(c) The creep strainrange, A « c c , and creep strain residual are determined 
in an ei.tirely similar manner by following steps (a) and (b) above. 

(d) The mixed creep-plasticity stainrange, Ae ", or Ac , is determined 



...iiutv "-••tt: i-'j-f---"--<- ^"i' "Jic.-p strain resicuaj.s. ..E "tie resicuais are 
of the.same sign, no mixed ptrainrange exists for the cycle. If they 
ace of opposite signs, the mixed strainrange is the smaller in magni
tude of these two residuals. The mixed strainrange is designated 
either "cp" for, a positive creep residual or "pc" for a positive 
plastic residual. 
Having computed the various strainranges, the fatigue damage 
for the nth cycle, D£ is given by 

+ — 1 
Cp/pC N 

(4) 

where the N"", N , and N "'" are the life cycles for the respective 
Ae f Ae t and Ae "'" c (obtained from partitioned strainrange-life 

relations for the material at the maximum temperature occurring in the 
cycle}. 
Damage caused bi ductility exhaustion, D£ , is computed by the method 
proposed by Duke 19]. The total equivalent plastic and creep strains 
^" . and *„„.;„., are computed (using the plastic and creep strain equiv equiv' r * ? v e-
components) at the time of interest. The damage is then given by 

.§qy.iv 
,p 
.eguiv 

1/2 
(5) 

in / 100 ' 
l n \100-RA, (RA is the reduction in area; 

e f is the uniaxial creep strain at rupture determined by multi
plying the creep strain corresponding to stress, elapsed time, 
and temperature at the time of interest (obtained from the 
appropriate isochronous stress-strain curve), by the time to 
rupture (also corresponding to conditions at the time of 
interest), and dividing by the elapsed time; 

CTF is the triaxiality factor, 3H/VJ^ where H is the mean 
normal stress and J 2 is the second invariant of the 
deviacoric stress tensor. 

The triaxiality factor in the above relation is conservatively restric
ted such that CTF > 1. 
Using the damages D'i and D£ , the total damage, D, for N cycles is 
given by 

E -* • 

Here D e is evaluated at the end of the N cycle. 
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L.- ,.,U-..IOL: UL ex.enuiny siramrangc partitioning to multia:. ial stress 
states has several attractive features. It predicts the correct strainrange 
in the uniaxial case (a necessary property). The partitioned strainranges 
are independent of the mean normal stress in accordance with plasticity and 
creep theories for metals. The method is not restricted to proportional 
loading. Consistent with experimental observation, the triaxiality factor 
is applied such that as it increases the ductility decreases. The method is 
easily automated {foe example, in a post-processor), since the required 
quantities are directly calculable from quantities that normally result from 
the stress analysis. 

The damage caused by accumulation of creep strain in this method can be 
erroneous as the damage is computed on the basis of conditions existing at 
the time of: interest, which may not be representative of the total history. 
As a possible alternative, which accounts for damage healing processes/ 
compute th< creep damage as in linear damaje summation and apply a sign to 
each damage increment, designating either damage generation {+) or damage 
healing (-). The sign is taken as that of the principal stress deviator 
with the largest magnitude after the current loading condition has been ! 
applied. Care must be taken to interpret the net damage computed as posi- ' 
tive, if it turns out to be otherwise. ! 

As with the other proposed techniques for damage evaluation which use a ! 
triaxial sttainrange partitioning approach, this method has not been experi
mentally verified. However, its simplicity, versatility, and ease of 
implementation make it worthy of consideration. 

5. Renultn and Cone1us ions 
The damage associated with the pipe ratcheting experiment described in 

Section 2 is evaluated by each of the techniques presented in Sections 3 and 
4. Special data required in the linear damage summation rule for 304 stain
less steel (e.g., stress-to-rupture and fatigue curves) can be found in the 
ASNE Boiler and Pressure Vessel Code- [2] . Data necessary for the strain-
range partitioning approach is available from several different sources. 
Partitioned straintange-1ife relations for 316 stainless steel reported in 
110! are used in the damage calcinations nr: lite relations for 304 stainless 
steel are not yet available. The reduction in area at fracture {42 percent) 
is taken from [1], Table 7.4. The uniaxial creep strain at rupture, f£, is 
obtained through the use of isochronons stress-strain curves and creep rup
ture curves giver in Code Case 2592 12], Fig- T-1800-A-7 and I--14-6A, 
respec-ively. 

Results of the damage computations are displayed in Figs. 3-5 as a 
function of the radial position in the pipe wall. These curves show that 
the fatigue damage is small, compared to the total damage, for both 
methods of damage evaluation. The qualitative oehavior of the 



curves for fatigue dar.age 3hown in l-'ig. 3 is simx.iat, a-.:iouyi &..<; .-.. .>. 
cantly greater fatigue damage is predicted by the linear damage summation 
rule. This difference can be explained by noting that the straincange in 
the linear darornage summation rule includes strain accumulation as well as 
cyclic strain whereas only cyclic strains are included in the strainrange 
partitioning method. j 

Significant differences also are evident in the strain accumulation I 
damage shown in Fig. 4. The main reason for this is that the damage mech- : 
anisms in this particular application are different for the two damage • 
evaluation methods. The damage predicted by the strain-range partitioning ! 
approach results from accumulated plastic strain as well as creep strain, ! 
whereas the linear damage summation rule accounts only for damage caused by > 
creep strain accumulation. Thus, near the inner radius of the pipe where 
the accumulated strains are predominantly plastic/ the damage predicted by 
the strainrange partitioning method is significantly greater than that j 
predicted by the linear damage summation rule. 

Focusing.on the damage caused by the accumulation of creep strain, as 
determined by the two methods, significant quantitative differences are notec 
(damage predicted by the linear damage summation rule is a factor of two 
times that by the strainrange partitioning approach). This is not surpris- ! 
ing when one considers the differences between the two methods. In the i 

strainrange partitioning approach, the accumulated creep strain is averaged I 
over the elapsed time based on stresses and temperatures at the time of I 
interest. In addition to being inaccurate, this technique can produce J 
results which are non-conservative. On the other hand, in linear damage ! 
summation, all creep strain increments throughout the cycle cause damage, 
regardless of creep strain reversals. A final difference is that ductility 
reductions resulting from triaxial stress states are taken into account by 
the strainrange partitioning approach but not by linear damage summation. i 

The combined fatigue and strain accumulation damage assessed by the two 
methods is illustrated in Fig. 5. The various curves show the damage occur-: 
ring in the first, second, and third cycles for each method. As both methods 
predict relatively small fatigue damage, these curves primarily represent 
the damage caused by accumulated strain. Note that near the inner wall the 
damage per cycle assessed by the strainrange partitioning approach decreases 
markedly with increasing cycle number. This reflects the fact that the 
plastic strain accumulation per cycle, which accounts for most of the damage 
in this region, is also decreasing. On the other hand, over the outer half 
of the pipe wall linear damage summation predicts increasing damage per cyclt 
versus cycle number. In this region, because of plastic strain-hardening, 
stress levels are rising, resulting in increased creep strain accumulation 
per cycle and, thece'fore, greater damage. This affect is not so apparent in 
the damage determined by the strainrange partitioning approach as the creep 
strain accumulation damage is assessed using the stress level .at the end of j 



-10-
the cycle which is comparatively low (at low stress levels, the damage per 

! cycle is a much weaker function of the stress). 
I As the plastic strain accumulation per cycle converges to a constant 
| value at all points in the pipe wall, it is evident that the strainrange 
j partitioning damage per cycle will also approach a constant value. On the 
| other hand, due to increasing stress levels, the damage per cycle predicted 
• by linear damage summation will continue to increase, eventually surpassing ; 
the strainrange partitioning damage in some regions of the pipe wall. Thus ; 
in this instance, the linear damage summation rule would provide a more ; 

• conservative estimate of the damage. In passing, it is noted that in situa- j 
tions such as these where damage per cycle increases with each cycle, care 
must be taken to conservatively extrapolate the damage to failure. 

I Comparing the ease of application of the two methods, one aspect of j 
linear damage summation makes it particularly cumbersome. To compute the { 
cyclic strainrange, the linear damage summation rule vaguely directs the 
analyst to "select a point when conditions are at an extreme for the cycle" 

i to use as a strain reference point. Since it is difficult a priori to 
determine this point, all points of the cycle must be considered as possible 
reference points and the one yielding the largest strainrange selected. 
This selection process makes linear damage summation more difficult to apply ; 
than strainrange partitioning. Other features of the two methods are ' 
roughly equivalent from an "ease of application" viewpoint. ' 

In summary, differences i:i approach between the methods of damage | 
evaluation lead to differences in damage prediction. Moreover, the lack of • 
experimental failure data for triaxial stress states makes it impossible to I 
judge which of the methods is the most accurate at this time. Nevertheless, i 
this study is valuable in that the-differences in the two approaches are 
discussed, in detail, and for this particular application, the effects of ; 
these differences are quantified. Before any decision can be reached as to I 
which method is the more correct in predicting damage, it is essential that j 
multiaxial experimental failure data be available for verification purposes. ; 

i 
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