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1 INTRODUCTION & BACKGROUND

Many components and structures undergoing mechanical or thermal cyclic (secondary type) loads
while subjected to sustained (primary iype) loadings are liable to undergo strain accumulations
which can affect their mode of failure. If the mode of failure is ratcheting or fatigue with ratcheting,
€. g, as appears t6 be the case for typical dynamic/seismic type loads (Hara and Shibata, 1881;
English et al., 1986-1989; Asada, 1989; and Beaney, 1989), then the allowable stresses based
on plastic collapse mode (ASME, 1680) can be overly conservative. This points to the need for
betler evaluation procedures and/or changes to the Code (Tagart et al., 1990) both of which
would be benefited by some theoretical basis. Much of the early work is known to be restricted
to idealized non-werkhardening (or simple isotropic hardening) material behavior and simplified
loadings (e. g., unlaxial simplification or two-bar simulations for thermal cycling with steady
multiaxial siress conditions). Theoretical evaluation of raicheting under multiaxial loads {Garud,
1986~1990) suggests that the (material) behavior can be significantly different, and not necessarily
obvious, from that under uniaxial loading.

Thus, for certain applications and better utilization of the material/siructural strength char-
acteristics, there exists the need to develop and improve sxisting plasticity based methods (of
analysis/desgin) 1o deal with the complex problems of multiaxial cyclic loading—including shalke-
down and strain accumulation phenomena. Presented in this paper are the resulis and discussion
of the author’s recent evaluation of cycle dependent ratcheting which explicitly accounts for the
strain-hardening and multiaxial Bauschinger effect through the use of a complete set of mate-
rial constitutive relations in the form of an incremenial plasticity with a generalized kinematic
hardening.

It is shown that, under combined state of stress, the incremental plasticity predicts continued
strain accumulation in each (half) cycle even for a kinematic type sirain hardening material,
The case of triaxial steady stress with imposed eyclic strain is analyzed in detail evaluating the
melerial ratcheting response; this is similar to a pipe section or a piping component subjected
to cyclic axial strain (e. g., secondary loading due to thermal or seismic action) while internally
pressurized (for primary loading). ¥or such a case (in a pipe) the theery predicts (local) wall
thinning and circumferential growth as a vesult of cycle dependent ratcheiing (limited only by
structural considerations). Resulis under other combined (multiaxial) primary and secondary
(cyclic) loadings are also presented and discussed in relation to experimental observations.

From results of the analysis (for Type 304 stainless steel and A333-g16 carbon steel) a graph-
ical representation—called Raichei Asseasment Diagram or RAD—is developed showing load-
combinations (of primary and secondary stresses) for various rates of strain accumulation (on per
cycle basis). The results are compared with pricr theoretical works and experimental observations.
It is suggested that the inclusion of more realistic strain hardening material behavior reduces the
over-conservatism in the ratchet evalunaiion, yet retains some margin due to structural consid-
erations. In addition, a simple relation is proposed (between siress allowables) for a specified
total ratchet strain as a criterion which is discussed in relation to the ASME Code considerations.
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2 PLASTICITY THEORY AND ITS IMPLEMENTATION

The type of siructural and material deformation pheﬂomﬂna 0 be addressed under this in
tion are such that only fime independent response will be of dominant concern (notwishstanding
the fact that it takes a finite time to apply any loading and o observe the res ponse). That is,
time dependent phenomena, such as ereep and siress relaxation, are excluded from consideration
elther becanse their coniribution {io me LOLal deformation) is relatively small or tha
can be asses aOd mdypewden‘tl/ Therefore, a suitable formulaiion of time independent pl
selected for the purpose of analysis.

The main focus of this work was to be able to investigate any type of muliiazia wliiy and any
combination of siniic plus cyclic muitiazicl componenis of loa ding; 28 such, a iull I"nulm_nezuaf

ne

tion (invclvinw all tenscrial componenis of siress—sira of the pl sticiby fheory was
needed—nowsver, detalls of all the iransien: (wdevlc nﬁa’ter}al proveriies need noi
» hordening charac-

be ezplicitly accounted for. Also, it was considered imporiani that the sé
if ibited by the metallic matorials, be accounted

')
teristics and the Bouschinger effeci, coms 11ly ex
for (undg: the complex loadings of Jmeu,m), the laiter relers io the lowering of elasiic lmit in
the reverse direction due %o yielding in the opposue livecilon. These twe talen together may be
considered to represent the cross-hardening (or sofiening) effect, under general multiasial load-
ing, which refers o the change in yield characteristics in the direction of 2 uh@« T component, for
instance, as & vesult of prior yielding in the direction of a normal component {of ihe stress LEE]SO!‘)

The above r“qwi‘remen'ts were sufliciently met by the fors ion proposed earlier by the author
(Garud, 197%) and shown to be mmmsmg for complex muliiaxial loads (Garud, 1981 and 1“8’))
These earlier applications dealt with the fully reversed type of ioading, although, in plmmpm,
the (plwsuut}/ formulation is also applicable io non-reversed loads ag well. Therefore, the saine
theory is used in this work with implementation thet allows for the prescace of (mxmm tial) mean
siresses in addition to the cyclic loads.

Very briefly, the formulation Incorporates Garud’s hardening rule in
the classical (*n"rcmcn’ual) plasﬂ;ic ty theory with three main components:

(1) An imitial yisld condition (as 2 multiaxial generalizaiion of the ela
whether or not plastic sirains will be induced dmw* an increment o
stress-free S(quhu). The material is assumed io follow the elastic stress-st
exceeding this condition. Here, von Mises yield crlierion is nsed.

(2) A flow rule that relates the lncrement of vlastic strain to the increment of stress, For metals,
the most commeonly used rule is the normalily condition (or the associaiive flow ruie) accordiy
which the (tenzor) componenis of plastic sirain inerement are proportional to the corres ponding
(tensor) components of the unit nermal ’m the vield sw-’" e at the current state of stress. The
constant of proportienality is, in general, a non-negative funciion of the stress, siress-increment,
and the loading history. The noimality ronimm is used in this work with Me proporiionality
constant being oum@(’ by the concept of fieid of plasite moduls (Mrdz, 1969) which iz essen tally
a multilinear generalization of the uniaxial stress-strain curve.

(H A Lmdmmg rule that specifies changes in the yield condition and in the field of plastic moduli
as a resuli of the pricr plastic deformation. Mwn/ such rules thC bmn ovorjoseo aver mc years
and this area of research can at best be characterized as very dy
of a particular rule is beyond the scope and need of this pa ”n '{;ha basis of i'ami]iarity and
useful predic‘cive rapab'lities of ihe earlier work (Garud, 1979, 1881, and 1982) the harde:
as described in these papers is adopted here. 7% differs from the previous commonly kROw
{e. g., Prager—7isgler and WMréz ) mainly
surface is made to depend on the d
imcremen’m iisell, in addition to beiu
is guch that vhe consisiency co z d
proporiional strassing (Ga

In this work it Is assumer
ai;ive. Also, the usual assum

naterial propertizs are maln .

B sed on the above formulation I I Plasticity

fculations and Raschei 11‘15 cvaluabion System) was developed. It ris 4 cded comy
tlon b/ following a s p ing 1 y i i
simnl mmg the material point resp
cade developmment and its imnlers
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;
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dd\@m@m, cn Lh@ current state of siress. Iis 13‘,r_uplcme,»uamon
proportional as well as any non-

”)
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2.1 Material properties data

The above plasticity formulation requires two elastic constants (Young’s modulus and Poisson’s
ratic) and a number of pairs of stress-strain values (e. g., from uniaxial cyclic strain tests) so as to
fit & multilinear curve defining the (field of) plastic moduli. In this work two materials were inves-
tigated: Type 304 stainless steel and A333-gr6 carbon steel. For each material two idealizations
were employed for the stress-sirain curve (as input to the TPCRES code): (1) a multilinear fit to
the actual uniaxial cyclic stress-strain tests data (Williams, 1988) and (2) a tri-linear fit based on
the Code minimum values of yield and ultimate strengths (ASME, 1980). These idealizations are
shown in Fig. 1. This selection allows us to compare or assess the dependence of ratcheting on
material properties and, for a given material, on the wide range of possible (uniaxial) stress-strain
data that can be used as the basic input. Note that the 4, value is same (137.9 MPa or 20 ksi)
for both materials, where 5y, is the Code design stress intensity value (ASME, 1980).
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Fig. 1. Multilinear approximations to uniaxial cyclic stress—sirain data and to the Code based
minimum properties for a stainless steel and a carbon steel.

3 RESULTS AND DISCUSSION
3.1 Ratchet assessment diagrams (RAD)

First, the case of steady triaxial stress state (simulating an internally pressurized straight pipe sec-
tion) with superimposed cyclic axial strains (simulating the elastically calculated large secondary
loads) is examined in detail. Here, the primary stress refers to the steady stress in the hoop di-
rection; the secondary stress is equal to the (axial) strain amplitude multiplied by the modulus of
elasticity. For each of the 4 material idealizations (Fig. 1) about 400 combinations of the primary
and the secondary stresses were used to predict the material response (using IPCRES); each load
case was tun for 20 cycles of irlangular shaped strain-wave. Results of these simulations were
analyzed and are presented in the form of ratchet assessment diagram or RAD (analogous to the
Bree diagram) as shown in Tigs. 2 and 3; in these diagrams the (percent) strain value (as a contour
label) corresponds to the total (hoop) strain at the end of 10th cycle. The iso-strain lines show
the corresponding allowable combinations of the primary and secondary stress levels. As might be
expected, due to the lower yield (fow) stress, the allowables based on the Code minimum prop-
erties are less than those for the typical material. The predicted material response for more than
10 cycles is such that the rate of strain accumulation (on per eycle basis) is constant; therefore,
the same diagrams also represent very nearly the corresponding rates of strain accurnulation.
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Fig. 2. IPCRES results for the ratchet assessment diagrams showing lines of constant accumulated
% strain (10 cycles) for Type 304 stainless steel with typical and Cade based minimum properties.
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Fig. 3. IPCRES results for the ratchet assessment diagrams showing lines of constant accumulated
% strain (10 cycles) for A333—gr6 carbon steel with typical and Code based minimum properties.

3.2 Code considerations

A few comments are offered in the following, with only a limited discussion, to interpret the
above results from the viewpoint of Code considerations. Notwithstanding the assumption of time
independent behavior, the above results are likely to be conservative on at least two accounis: {a)
the possible (additional or transient) isotropic hardening, excluded from the formulation, is most
likely to reduce the material strain accumulation and (b) siructural aspects of real applications
(involving stress gradients and constraint conditions) are alsc likely to resist the uniform strain
accumulation.

In general, for large allowable cumulative strains (above 2 percent), much larger values of sec-
ondary stress (€)) can be traded with smaller values of the primary stress () (without exceeding
the allowable total strain in a specified number of cycles). Thus, a simple (linear) criterion for
limiting the total ratcheted strain can be expressed as follows:
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where F(< 1) end A(> 1) are constant multiples: here P is assumed to be less than 5. .
For example, from the ratchet diagram for Type 204 steel based on the Code minimum proper-
ties, for limiting total strain ta § percent (maximum) in 19 (or more) cycles the following three

linecr relations between P and ¢ are suggesied by the IPCRES results:
PH{/7)-3 = 15%x 5, 1)
PH{/0-Q = 20x5, }
PG = 5.0x8, (3)

o~
b

(To use the first 2 relations one has to identify P and @) as separaie guantiiies). That s, if strain
accumulation is the critical mode of failure then the corresponding allowable siresses are larger
than those for the plastic collapse (P+Q <3 Sm ).

3.3 Comparisons with other analyses and experiments

Edmunds and Beer (1981) explored some theorsiical aspects of incremental collepse in pressure
vessels with simplifying assumpticns of the deformation theory of plasticity, elastic-perfectly plastic
material, and zero axial and radial sieady siresses. Interestingly, for the case of internal pressure
and axial cyclic straining, their resulis are gualitafively not too different from this study: however,
there are differences of details. Both the studies suggesi continued stram accumulation, even in
presence of the generalized kinematic hardening as madelled in IPCRES, whenever the elastic
limit is exceeded during any part of the cyclic loading,.

ig. 4 Ulustrates some poinis of comparison for the case of primary (hoop) stress equal o S,
and 10 cycles. Fig. 4(a) shows that the Edmunds andé Beer analysis is sensitive to the choice of
elastic stress value needed for their ratcheting svaluation and that an arbitrary choice (here, flow
stress = average of the yield and ultimate strengths) can underpredict the strain accumulation
(compared to IPCRES). A the very low stress levels, even the choice of 0.9 percent yield siress
can underpredict the strains. Fig. 4(b) cormpares the prediciions of allowable stress combinations
for & percent strain accumulation in 10 cycles. Since IPCRES (almost) fully accounts for the
material stvain hardening, the IPCRES allowables are higher thaa the corresponding Edmunds—
Beer prediciion based on ¢, = elasiic {imii (not shown) or on the 0.2 percent yield stress (as
shown in Fig. 4(b)).
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In an earlier survey of ratcheting related works, Burgreen (1973) expressed the need to review
and interpret experimental results that are already available, and io do so with (needed) new
information on effects of strain hardening and multiaxial state of stress. He made reference to
some earlier work stating that relatively uniform cumulative azial extensional deformation, up to
about 20 pereent, can be oblained before local instabilities disrupt the uniform strain accumulation
in the case of a hollow tube subjected to steady axial load with superimposed cyclic torsion. Also,
Yamanouchi et al. (1976) have reported significant (progressive) diametral change of thin tube
specimens under steady pressure when cyclic axial strain is superimposed. Clément et al. (198%)
have recentiy reported that steady compressive—as opposed to tensile—axial loading when applied
with cyclic torsion (en thin tubes of austenitic Type 316L steel and of annealed copper) resulted
in nearly uniform progressive shortening of tubular specimens (before reaching instability in the
buckling mode). Lebey and Roche (1979) observed axial elongation of thin tubes (of Type 304
stainless steel) under steady axial stress when cyclic torsion was applied. Likewise, a recent exper-
imental work by Asada (1989) on carbon steel tubes shows considerable (progressive) diametral
growth from ratcheting under cyclic axial or torsional strain with a steady internal pressure. (He
has alsc reported some reduction in the fatigue life due to the ratcheting). Also, Williams (1988)
reported ten-fold strain-accumulation in the circumferential direction (as compared to the axial
strain accumulation) in pressurized specimens when cyclic (axial) bending was superimposed.

All the abave observations (on ratcheting with steady internal pressure or axial stress) are in
good agreement, at least qualitatively, with the IPCRES predictions. IMig. 5 is added here to
illustrate IPCRES results for the case of steady internal pressure stress and cyclic torsional strain;
the continued growth in the hoop direction is seen to far exceed that in the axial direction.
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Fig. 5. Stress-strain-ratcheting response predicted by IPCRES for the case of steady internal
pressure (hoop stress = 0.6 5, ) with superimposed cyclic torsion (£1 % engineering shear strain).

A few other related points of interest are: (a) For equivalent loading, the axial strain cycling
produced more ratcheting, 0.547 percent, than the torsional cycling, 0.389 percent (during 20th
cycle). This is in agreement with the earlier reported experimental observation (Hancell and
Harvey, 1979) for which the authors have already offered the suggestion that in seme situations
the sustained siresses may share common slip planes with the cyclic stresses and in others they
may not. (b) When only hoop stress is used the TPCRES predictions of strain accumulation
were less than if all stress components were present in the case of superimposed axial cycling:
however, the oppesite was found with torsional cycling (at least for Fig. 5 specifics). (c) In
agreement with other reported observations and unlike the earlier implementations of kinematic
hardening (Hancell and Harvey, 1979), the IPCRES results suggest, at least for a homogeneous
stress condition, the continued accumulation of strain in certain complex multiaxial loadings.
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4 CONCLUDING REMARKS

Results of a theoretical exploration of cycle dependent material ratcheting response under multi-
axial steady and cyclic loads (similar to those anticipated in pressure retaining components) were
presented. The theory used was an implementation of the incremental plasticity based on Garud’s
hardening model limited to the kinematic type hardening. This allowed for the inclusion of strain
hardening and Bauschinger effects and the complete set of multiaxial state of stress in estimating
the ratcheting.

The relatively large and uniform strain accumulation in the circumferential direction, as observed
by many, for a tube (or a thin pipe) under internal pressure and cyclic axial or torsional strain,
was predicted by the model. Also, progressive elongation (or shortening) in the axial direction, as
observed for a tube under steady axial tension (or compression) and cyclic torsion, was predicted.
For a few cases examined, the IPCRES results appear io confirm the effect of direciionality of
steady stresses relative to the direction of cyclic straining (for equivalent load intensities) in
determining the strain accumulation.

Compared to the simplified analysis based on perfectly plastic response, it is shown that the use
of strain hardening characteristics reduces the over-conservatism related to strain accumulation
criteria. The IPCRES results were presented in the form of ratchet assessment diagrams for
two typical steels and also expressed in terms of simple linear relations for allowable stresses
which may prove to be useful estimates; in particular, since only a homogeneous state of stress
was considered in these results, the structural considerations of stress gradients and constraints
are likely to provide enough additional margins. For better utilization of the formulation and
more accurate comparison with component/specimen tests data it is preferable that the theory
be incorporated in the framework of a finite element code. Preliminary work in this direction
(Garud, 1990) has shown some encouraging results.

The main focus of this work was to investigate the time independent material response to multi-
azial load combinations likely to cause cycle dependent strain accumulation; as such, several time
dependent (visco-plasticity) phenomena were not included: stress relaxation, creep, strain-aging
(Pellissier-Tanon, 1982; Chaboche and Nouailhas, 1989; Ruggles and Krempl, 198%). Significance
of these phenomena, as observed for certain experimental loadings and material conditions, needs
further critical examination, especially in telation to the fype, intensities, and rates of loadings
and material conditions employed in service applications. The dynamic/seismic loads with short
duration of application may not allow enough time for significant impact. For other applications
the lower bound response predictions hased on the use of Code minimum stress-strain data may be
considered to reflect some margin against additional strain accumulation from such phenomena;
however, this aspect needs further evaluation.
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