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1. INTRODUCTION 

1.1 - Risks due to cyclic thermal stresses 

By definition, all pressure vessels are subjected to 
pressure-induced stresses. Analytical methods used for determi
ning stresses and verifying that they are not detrimental to 
the vessel are well-known. 

In many cases, however, pressure vessels are also 
subjected to thermal transients which result in additional 
stresses of a cyclic nature. 

Such stresses are known as thermal stresses. Their 
effects on vessel integrity are not so readly evaluated as in 
the case of pressure-induced stresses. They may cause cracks 
due to material fatigue, as well as another type of damage 
whirh is an incremental strain known as thermal ratcheting. 

The purpose of this paper is to present an analysis of 
thermal ratcheting, and to give a practical design rule aimed 
at avoiding its detrimental effects. A practical method will 
thus be available to designers for dealing with one of the ad
verse effects of computed thermal stresses. 

1.2 - Primary and secondary stresses 

Due to applied pressure (and more generally to any 
loading effect), the vessel may experience excessive deforma
tion, then, if loading is increased further, collapse or burst. 

Associated stresses are usually computed based on the 
assumption that material behaviour is elastic. Stress values 
thus obtained do not always permit evaluating the above excess
ive strain and collapse/burst effects. For that reason, cons
triction codes recommend partitioning the computet! stress into 
its primary and secondary components. 
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A useful definition of primary stress will be found in 
(1)' 

The distinction between primary and secondary stresses 
is illustrated by Figure 1. 
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Figure 1 

The primary stresses P developed by an imposed load are 
necessary for the satisfaction of equilibrium equations. Their 
basic characteristic is that they are not self-limitative. 
Secondary stresses are necessary for the satisfaction of com-
p-;'-ibility equations (the material bsing linear elastic). Their 
basic characteristic is to be self-limitative. A small plastic 
strain suffices to limit them. 
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Two identical mild steel wires (UTS = 480 MPa) with 
1 metre length and 1 mm 2 cross section are subjected to tensile 
stress of 1000 MPa, computed on the assumption that the mate
rial is in the elastic range. A 102 kg. mass is suspended from 
the first wire, giving a pull of 9.81 x 102 = 1000 Newton 
i.e., a 1000 MPa stress. The second wire is subjected to a 
5 millimeters elongation through a screw/nut arrangement (pro
ducing a pulling force of 200,000 x (5/1000) = 1000 Newton), 
which results in 1000 MPa stress computed in the elastic 
range. 

The first wire breaks because the stress is of a pri
mary nature, i.e., it is required for the equilibrium relation
ships to be satisfied. 

The second wire does not break because of the secon
dary nature of the stress ; a small plastic elongation occurs, 
sufficient to limit stress value. 

To avoid excessive strain, collapse and burst, it is 
well known that the intensity of primary stress P must be limi
ted and should not exceed the allowable stress for the mate
rial. 

Thermal stresses considered by this paper are 
secondary stresses ; they are due to differential expansion and 
can be eliminated by minor strain. They cannot induce the 
damaging effects mentioned above, at least if the material is 
ductile (this would not apply to glass vessels). It is 
therefore not necessary to limit their value as in the case 
above. It also appears that their detrimental effect lies in 
their fluctuations. 

1.3- Damage caused by secondary cyclic stresses 

As shown by the example in Figure 1, secondary stres
ses, particularly thermal stresses, induce no damage when they 
are not fluctuating (at least if they are really of a secondary 
nature, i.e., when there is no risk of elastic follow-up, a case 
I 

which is not considered here (66)). However, if they vary in 
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a cyclic way, they may induce very serious damage, as fatigue 
cracks. The pressure vessel construction codes [13» [2], [33, 
provide sound methods for fatigue analysis ; however, these 
methods only apply in the absence of the phenomenon '*nown as 
"progressive distortion" or "ratcheting". This is confirmed b 
B. LANGER in [4] : 

"The foregoing discussions... are applicable only to 
situations where structures shake down to essentially 
elastic behavior, where plastic strains occur only in 
small isolated regions. If ratcheting allows permanent 
strain to build up cumulatively... the fatigue life 
may be drastically reduced". 

To prevent cracking, it is therefore necessary to ensure that 
ratcheting effects are not significant. 

In cases where creeD is negligible, it is fairly easy 
to give a definition of ratcheting. It ±3 an incremental strain 
characterized by increased deformation on each application of a 
secondary stress cycle (thermal stresses). If permanent strain 
no longer increases after the application of a few secondary 
stress cycles, there is no ratcheting ; in the opposite case, 
ratcheting exists. 

This is illustrated by Figure 2, which covers the in
crease in diameter of a tube containing a fluid under pressure 
and subjected to a fluctuating temperature gradient across its 
walls. The temperature gradient may cause an increase in diame
ter on every application. If diameter size does not stabilize 
rapidly, there is a thermal ratcheting effect. 
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1.4 - Operational definition of ratcheting 

Unfortunately, the simple definition given above is 
not always satisfactory. First, deformation finally stabilizes 
in most cases, following a varying number of cycles, although 
at a final level significantly higher than that associated with 
pressure alone. Also, creep cannot always be neglected and in 
this case deformation never stabilizes ; however, it can be 
seen that deformation at any given time is larger than it is in 
the absence of cyclic thermal stress. 

A more accurate definition of thermal ratcheting is 
therefore required. Such a definition can be baged on the ob
servation made above : Ratcheting is the magnification of the 
effect of primary stresses (due to pressure) by the secondary 
cyclic stresses (usually cyclic thermal stresses). Strain and 
deflection are thus magnified by cyclic secondary stresses. 
This definition is illustrated by Figure 3. 
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2. REVIEW OF CURRENT STATE OF THE ART 

A fairly comprehensive review of the subject can be 
found in publications by several authors : LECKIE [5], KREMPL 
[6], ROCHE [7], [8], CLEMENT [9], 

2.1 - Theoretical work 

To the author's knowledge, the earliest publication on 
this subject ie due to E.W. PARKES [10], [11], who investigated 
in 1954 the effect of fluctuating thermal stress on an aircraft 
wing. As regards pressure vessels, the first investigation was 
conducted in 1959 by MILLER [12] who analyzed the behaviour of 
a pressure vessel subjected to fluctuating thermal stress 
across its wall. Investigation data apply essentially to 
materials exhibiting linear elasticity and perfect plasticity. 
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In 1961, EDMUNDS and BEER [13] more generally consi
dered the effect of thermal or non-thermal cyclic strain. Odd
ly, enough, the better known publications are those by BREE 
[14], [15] in 1967-1968, in which data from previous authors 
are quoted and presented in the form of very convenient dia
grams. 

Calculations of the same type, taking into account 
strain hardening and creep effects have been performed in 1968 
by BORGREEN [16], [17], [18] with a number of configurations 
and load cases. These calculations were applied by TOWLEY [19], 
also in 1968, to pressure vessel design. 

The above calculations were extended to the creep 
range by O'DONNELL and POROWSKI [20] in 1974. They proposed a 
method applicable materials showing only elasticity, perfect 
plasticity and creep. 

A computation method applicable to all geometrical 
configurations, with materials showing strain hardening in the 
plastic range, was proposed by ZARKA and CASIER [21] in 1978. 
This method involves similar processing of the residual stress 
field and the strain hardening parameters. 

2.2 - Experimental work 

A certain amount of experimental work has been per
formed on different structure types. 

In 1963, REIMANN [22] performed incremental strain 
tests on a stretched bar subjected to cyclic torsion. In 1976, 
INOUE [23] performed similar tests on a bar. In 1977, UDOGUCill 
[24] and NOZUE [25] used tubes for tests with similar loads. 

Other simple structural elements have been used in 
experiments to facilitate data interpretation. A strip 
subjected to cyclic bending (BREE diagram configuration) was 
tested in the creep range by AWDERSON [26], [27] in 1971 and 
1973, and by GOODAL [28] in 1972. In 1981, M0RETON [36], [37] 
continued thase investigations at ambient temperature. 
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Three-bar specimens have been used in experimental 
studies by SWAROOP [29] in 1973, UGA C30], [31] in 1974 and by 
AINSWORTH [32] in 1976. 

The behaviour of more extensive structures under cy
clic loads has been covered by investigations such as KANO's 
tests [33] on pipe elbows subjected to cyclic thermal stress in 
1974 ; CORUM's 1975 studies [34} of thermal shock in a pressu
rized tube subjected to large temperature fluctuations induced 
by sodium flow ; MORETON's 1977 tests [35] on dished bottoms to 
which pressure was applied on a recurrent basis. 

Tests on larger structures were performed in 1980 by 
COUSIN [38], [39] and MOULIM [40] on cylindrical vessels sub
jected to axial temperature shocks moving along meridian lines. 

2.3 - Review of available methods 

Certain construction codes [1], [41], [42] have pro
posed rules to avoid ruin caused by incremental strain. These 
rules are always based on calculations [12], [14], [15], [20] 
in which material behaviour is roughly represented as elastic, 
and perfectly plastic, i.e., the strain is given by Hooke's law 
as long as stress is less than Sy (or rather as long as shear 
is under 0.5 Sy, since the Tresca criterion is used) ; above 
that value, strain is undetermined and cannot be evaluated when 
stress is equal to Sy (or when shear is equal to 0.5 Sy). 

It seems surprising that the many experimental studies 
mentioned above have not been taken into consideration to for
mulate the rules aimed at preventing progressive distortion. 
This is even more unexpected in view of the fact that neither 
strain hardening nor kinematic hardening are considered to 
assess material behaviour, whereas experience shows that none 
of these simplified models is capable of representing experi
mental results [43]. 

It appears that consideration is never given to cyclic 
hardening in these analyses, while plastic hardining models 
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are far removed from the actual behaviour of material [44], 
[45]. 

Generally speaking, accurate analyses are based on 
three types of equations : 

- Compatibility equations 
- Equilibrium equations 
- Constitutive equation of the material. 

Compatibility and equilibrium equations are highly re
liable ; however, constitutive equations of the material are 
the weak point in the analysis [8], [93* / 

Inaccuracies in constitutive equation of the material 
are amplified in the case of progressive distortion, which cau
ses errors to accumulate throughout the cycles, resulting in 
large final differences. This serious difficulty has led to an 
attempt to derive a practical rule from test results, which is 
the purpose of this paper. 

3 - PRESENTATION OF TESTS PERFORMED AT THE SACLAY NUCLEAR 
RESEARCH CENTER 

Although a large number of experimental studies have 
been mentioned in the previous section, it has been found ne
cessary to supplement them by new tests based on specially ac
curate data, particularly as regards material properties [46]. 

An experimental program was thus initiated at the 
Saclay Nuclear Research Center. The presentation will be brief, 
since the program has been previously reported in a number of 
publications [8], [9], [47], [48], [49], [50], [51], [52], 
[53], [54], [55], [56], [57], [53], [59], [60], [61], [62], 
[63], [64], [65]. 

The tests presented are those for which the results 
are available, in other words tensile/twist tests. Pig. 4 
illustrates the principle of these tests. The test samples are 
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thin tubular specimens subjected to a constant axial tensile 
stress P. In addition, the tube is subjected to cyclic twist, 
so that one end section display a cyclic rotation of which the 
range is an angle A0. This gives rise to secondary stresses 
because they are exclusively due to an imposed cyclic strain. 
One advantage of this choice is that a uniform stress and 
strain field is obtained. The state of stress and strain at a 
given point is sufficient to characterize the mechanism. The 
state of stress only has two components, one normal a x = P» and 
one shear component x. If the latter is unknown, the corres
ponding cyclic distortion is imposed by the mechanism. In 
accordance with routine practice, it is represented by the 
intensity of the corresponding elastic stress, by adopting 
Tresca's criterion. 

Primary Stress 

nDt 
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Secondary Stress 
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Qfi:2GAY 
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'length L 
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thickness t 
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Dead Weight W 

Figure 4 

3.1 - Descript ion of t e s t s 

Tests were conducted on th in tubular specimens ( th ick-
lioss l e s s than one-tenth of the r a d i u s ) , which were th i ck 
enough to avoid tors ion buckl ing. The length was always grea te r 
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than ten diameters Pig. 5. The materials considered were 
austenitic steels on type 304L and 316L at room temperature, 
300 and 650'C, as well as ferritic steels at room tempera
ture. In each case, the mechanical properties of the material 
used were carefully measured. These included tensile curves for 
the ferritic steels and austenitic steels at 3O0*C, creep cur
ves for austenitic steels at ambient temperature at 650*C. 
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Figure 5 

Figure 6 is a diagram of one of the testing machines 
used, of which figure 7 gives a general view, while figures 8 
and 9 show view of a machine for testing large test specimens 
at elevated temperature. The following were measured systemati
cally throughout the test i 

- Variation in axial elongation 
- Torsion torque. 
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Figure 10 illustrates a recording of the axial elon
gation (v axis) as a function of twist angle (x axis). 

Figure 10 

3.2 - Results obtained 

Recordings such as those in Fig. 10 are the roost ins
tructive. At the outset of torsion movement, when the twist 

I 

angle is small, the behaviour is elastic and no axial strain 
occurs. As the angle increases, plastic strains occur and are 
accompanied by an axial elongation (the application of a law of 

I 

normality to the plastic flow shows that the shear strain is 
accompanied by a strain in the direction of the normal stress). 
During the holding time, creep strain occurs. Consequently, 
after the first quarter cycle, permanent elongation has occur
red. During the return movement, the same processes are dis
played, and on termination of the first cycle, a permanent 
axial elongation is observed. This is repeated in the following 
cycles, but it can be seen that the elastic behaviour ia more 
important, and that consequently the axial strain increment per 
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cycle is smaller. It is probable that this behaviour is due to 
cyclic consolidation. The cyclic consolidation obtained (in 
general after 10 to 30 cycles) also depends on the primary 
stress applied axially. 

Based on the recordings, curves are plotted for each 
test, giving the axial inelastic elongation « and the elonga
tion increment per cycle Ac as a function of the stabilization 
occurs (elongation « reaches a maximum) or elongation continues 
up to reduction of area and break (< always increases). 

The overall tests on a material can be grouped in a 
diagram giving the elongation obtained (after 100 cycles for 
example). Hence the isoelongation curves are plotted in the re
duced primary stress field X = P/cr , reduced secondary stress 
range Y = QR/cry (see Fig. 11). This yields a diagram similar to 
the Bree diagram or the O'Donnel-Porowsky diagram. 
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As shown in Figure 11, comparison of experimental data 

with the results of calculations based on current material mo

dels (perfect plasticity, bi-linear kinematic hardening) shows 

wide discrepancies. This confirms that rules based on such cal

culations lack reliability. As mentioned previously, a rule 

based on experimentatl data would be highly desirable. Such a 

rule will be proposed in the next section. 

4. SUGGESTED DESIGN RULE 

4.1 - The concept of effective primay stress 

After discussing the concept of ratcheting in the 

creep range, section 1.4 assumes as an operational definition 

the amplification of the primary stress effect, by a cyclic 

secondary stress. The effect of the primary stress is essen

tially the strain obtained. Owing to the cyclic secondary 

stress, the strain is greater than that which would be caused 

by the primary stress acting alone. The first impression is 

that everything occurs as if the value of the primary stress 

would be increased by cycling. Hence it is tempting to introdu

ce the concept of effective primary stress which would cause 

the same strain as the combination of the primary stress really 

applied and the cycling of a secondary stress. 

The concept of effective primary stress results from 

a translation of strain into stress, and may be defined as 

follows Î 

- It is a fictitious primary stress Pef£ (analogous to the 

primary stress P really applied). 

- For the same time of application, it gives the same strain as 

the load really applied, consisting of a primary stress P and 

a cyclic secondary stress (range (QR)). 

Figure 12 gives the diagram of the definition of the effective 

primary stress. It is somewhat similar to the "effective creep 

stress" introduced by O'Donnel and Porowsky [20] but in this 

CMS; it is the moans of Lritarpretiruj the experimental results, 



- 17 -

and not the result of a simplified analysis concerning the 
elastic core. 
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4.1.1 - Experimental justification of the concept of 
effective primary stress 

It should be noted that the strain obtained depends on 
time when creep occurs (even cold creep). The above definition 
of effective primary stress hence leads to the determination of 
its value at every instant during loading. It is obvious that 
the concept of effective primary stress is only useful if its 
value is clearly determined for a given loading, namely if this 
value does not vary with the time of application of the load. 
Hence it is important to check that the effective primary 
stress only depends on the load applied. Special attention has 
been paid to this aspect in the experimental study. Figures 13 
and 14 illustrate the results obtained. 

Figure 13 concerns an austenitic steel at ambient tem
perature (cold creep) and shows the elongation obtained as a 
function of time for different cyclic loading frequencies. It is 
easy to see that after some 20 cycles, this strain no longer de
pends on the frequency, and becomes identical to that obtained 
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by a constant primary stress of 330 MPa (the effective stress). 
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As a rule, the experimental studies show that after a 
few cycles, the value of the effective primary stress remains 
constant and only depends on the load applied, and not on its 
time of appliation. Consequently the concept of effective pri
mary stress may be considered as experimentally proved, once 
the ratcheting mechanism has reached a stability state (a few 
cycles). In the rest of this paper, the effective primary 
stress considered is that obtained after stabilization (nor
mally after 20 cycles) [Fig. 14]. 

4.1.2 - Efficiency diagram 

It is now important to associate the value of the 
effective primary stress with those defining the loading. In 
other words, to associate the value of Pejf to those of P and 
QR. A thorough analysis of the experimental results available 
shows that this relationship hardly depends on the material it
self. As an illustration, table I gives the results obtained on 
various specimens with the same P/QR showing that the p/ p

eff 
ratio barely depends on the ratios of the stresses applied at 
the elastic limit. 

TABLE I 

1 p 
1 (MPa) 

1 
1 
1 

QR 1 
(MPa) y 

QR/o 
y 

1 
1 
1 

P/QR 
1 
1 
1 

Peff 1 P /P e f f 1 

1 1 1 
1 174.5 1 3 5 5 . 8 0 . 8 9 1 . 8 1 1 0 . 4 9 1 244 0.72 I 
I 190.6 1 3 5 5 . 8 0 . 9 7 1 .81 1 0 . 5 4 1 272 0.70 I 
I 204.3 1 4 7 5 . 6 1 .04 2 . 4 2 1 0 . 4 3 1 305 0.67 | 
I 97.7 i 1 9 5 . 4 0 . 5 0 1 1 0 . 5 0 1 143 0.68 I 
1 127.7 1 2 5 5 . 3 0 . 6 5 1 . 3 1 0 . 5 0 i 182 0.70 I 
1 229.9 1 

1 
4 5 9 . 6 1 .17 ! 2 . 3 4 1 

1 
0 . 5 0 1 

1 
322 1 0.71 | 

About the efficiency diagram, the results used are 
concerned with very different geometries and loading methods, 
such as tube tensile/twist, three-bar assemblies, pressure 
tubes with thermal shock, stretched bands subjected to cyclic 
curvatures, stretched tubes subjected to variable axial thermal 
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gradients etc. They are concerned with temperatures below and 
in the creep range. In short, many cases of ratcheting are con
sidered in this diagram. 

It can be seen that the points are fairly well clus
tered together and allow the plotting of a curve yielding a 
conservative value of V (upper approximation of P e f f ) namely of 
the decrease in resistance of the material to the primary 
stress, when a cyclic strain is added to it. This curve can 
therefore serve as a basis for a practical method for eva
luating the ratchetting effect. 

All available experimental data have been used [55] 
and plotted on the diagram of Figure 15. 
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4.2 - Formulation of the practical rule 

This practical rule for ratcheting analysis involves 
two steps : 

- Evaluation of the value and intensity of the effective 
primary stress Peff 

- Comparison of this value with a maximum stress. 

The second point, which is very important for the designer, is 
discussed in section 5, which deals with safety margins. Only 
the evalution of the intensity of Peff is indicated here. 
This evaluation is carried out as follows : 

- Step n*l : Carry out an elastic analysis of the structure 
considered for the different loading states considered. 

- Step n*2 : Distinguish the primary stress from the secondary 
stress. More precisely, determine the maximum value of the 
intensity of the primary stress P and the intensity range of 
the secondary stress variation QR. 

- Step n*3 : Calculate the secondarity ratio : 
SQ = QR/P 

- Step n*4 : Use the design curve in the efficiency diagram 
(see Pig. 15) to determine the efficiency index V of the 
value of SQ. 

- Step n*5 : Calculte the intensity of the effective primary 
stress : 

P e f f - P/V. 

The examination of this evaluation shows that the 
first two steps are standard and are most often carried out in 
applying the rules of codes [1.2.3]. It is necessary to carry 
them out, even if the rule presented here is not considered. 
However, practice shows that the distinction between primary 
stress and secondary stress is by far the most difficult and 
problematic task of the analysis (caution generally leads to 
the classification as a primary stress of one that is probably 
secondary). This difficulty is especially acute in the creep 
range, where the risk of elastic follow-up exists [66]. 
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On the other hand, steps 3, 4 and 5, which are speci
fic to the method presented here, are easy to carry out. 

4.3 - Safety margins 

A limit should be set to effective primary stress 
peff* Although the most straightforward solution appears to 
apply the limit in the same way as with the conventional pri
mary stress, with Sm under the creep range and St beyond, this 
point should be given some consideration. A very comprehensive 
discussion is given in [8] and [9]. Its conclusion is that 
effective primary stress Peff should be limited to St in the 
creep range. Below the creep range however, consideration 
should probably be given to the fact that Peff must be 
applied for a fairly long time (at least a few dozen cycles) 
before its harmful effect is actually felt. This permits 
selecting a permissible value higher than Sm. A limitation to 
1.2 Sm is acceptable. 

5. CONCLUSIONS 

1. Inasmuch as they remain constant, thermal stresses are 
not significant potential risks. However, if they are cyclic, 
they may significantly increase the effect of pressure strains. 

2. The rules currently proposed to assess this effect are 
based on over simplified models of material behaviour. 3ecause 
of the complexity of real behaviour, the rules are not suffi
ciently reliable. 

3. Through direct use of experimental data, a rule can be 
formulated, which matches closely enough the observations made. 
The rule consists of amplifying the primary strass, which thus 
becomes effective primary stress Peff• The value of Peff is 
limited in a similar way as that of the conventional primary 
stress. 
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4. The efficiency diagram provides an easy way to appraise 
effective primary stress Peff as a function of actual primary 
stress and fluctuations of secondary stresses. 

5. This rule was used successfully in practical situations. 
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