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AXIAL LOAD AND CYCLIC DISTORTION 

A PRACTICAL RULE OF PREVENTION 

G. Clément, D. Acker, J. Lebey 

CEA - CEN-Saclay, Mechanical and Thermal Studies Department 

ABSTRACT 

Thin structures submitted to compressive loads must be carefully designed 
to avoid any risk of ruin by buckling. The aim of this paper is, first, to 
evidence that the critical buckling load may be notably lowered when cyclic 
strains are added to the compressive load and, secondly, to propose 
a practical rule of prevention against the ruin due to the progressive 
buckling phenomenon. This rule is validated by the results of numerous 
tests related to the entire range of modes of buckling (i.e. from fully 
plastic to fully elastic). 
Practical cases of interest for its use could mainly be those where cyclic 
thermal stresses are involved. 
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1 INTRODUCTION 

The term "progressive buckling" is used to designate a phenomenon resulting 
from the interaction between buckling and ratcheting. Let us consider a bar 
simultaneously subjected to a constant compressive force P, smaller than 
the critical buckling force and to a secondary cyclic stress Q due to an 
imposed cyclic distortion. It is experimentally observed that for certain 
values of the tv«o loadings, the deflection increases sharply after a given 
number of cycles until the bar becomes unstable. In such a case, buckling 
is due to the progressive increase of the initial deflection under the 
effect of the cyclic secondary stress. That is what is called "progressive 
buckling". 

The critical buckling load is thus lowered by cyclic deformations (secondary 
cyclic stresses). This effect, experimentally evidenced by Brouard and 
others (1981) has been studied theoretically by Nguyen Quoc Son and others 
(1983) and numerically by Devos, Gontier and Hoffmann (1983, 1984) who 
calculated the value of the secondary bending stress leading to instability 
a three-plastic-hinges beam (model based on the Shanley column) loaded 



by a constant primary compressive stress. We can also note the experimental 
work of Ignaccolo and others (1985). 

We give in this paper the results of an important experimental study executed 
at CEA/DEMT Saclay ; a comparison is made with the Devos and Gontier 
numerical calculations. A practical rule for appraisal of progressive 
buckling is proposed. It can help designers to cope with this still 
badly known problem. 

It is obvious that this type of damage is chiefly liable to occur on 
thin mechanical structures submitted to cyclic thermal stresses, such 
as some components of LMFBR reactors. 

2 PRINCIPLE OF TESTS AND SPECIMENS 

2.1 - Principle 

The principle of the progressive buckling tests consists of subjecting 
thin tubular specimens to two simultaneous loadings : a constant axial 
compressive force and a cyclic torsional deformation at controlled angle. 
This is done with a specific testing machine on which the ends of the 
specimen are tightened in two jaws. The constant axial loading exerted 
by a compression spring is transmitted to the specimen through a jaw 
clamped in rotation. The torsional cyclic motion is imposed by the other 
jaw and a driving mechanism. The machine is fitted with several transducers 
for continuous measurement and recording, during each test, of : 

- Axial compressive force 
- Cyclic twist angle 
- Variations in specimen length 
- Torque 

2.2 - Material 

The tests were made with specimens made of austenitic stainless steel 
Z2 CND 17-12 (316 L type). Specimens were cut from seamless pipes and 
did not receive any thermal treatment before testing ; thus their mechanical 
properties were a little different from batch to batch. 

Tensile properties of the different tubes from which the specimens were 
taken have been measured ; they ranged as shown below : 

Yield stress Sy Young Modulus 
(MPa) (MPa) 

Prom 236 to 314 From 1.87.105 to 2.22.105 

Table 1 

2.3 - Specimens size and buckling characteristics 

Before to perform the progressive buckling tests, it was necessary to 
know the buckling strength Per of the various types of specimens used 
in this experimental study, that is to say their critical load under 
monotonie compressive loading. 



Such measurements were made for a set of specimens geometries covering 
plastic, intermediate and elastic buckling. The various tested geometries 
resulted from the association of various diameters with various lengths. 

The size limits were : 
10 x 11 mm < diameters < 29 x 30 mm 

225 mm < lengths < 1100 mm 

24 < slenderness = ( effective length } < 1 4 7 

radius of gyration 

The effect of an initial geometrical defect has been investigated by 
testing specimens with and without initial defect 6 as defined in the 
insert of fig.l. For tests with initial defect, a value of 6 =0,1 has 
been arbitrarily chosen. 

The buckling behaviour depends on the ̂  parameter equal to PE/Sy - where 
PE is the Euler load and Sy is the yield load for which the first yielding 
appears in the specimen. We define arbitrarily three categories of 
buckling : 
- elastic buckling corresponding to ^ < 0,6 for which Per = PE 
- plastic buckling corresponding to 3 > 1/6 f° r which Per = Sy 
- intermediate buckling corresponding to 0,6 < 5 < 1/6 

The experimental critical buckling load values Per are shown on the 
figure 1 where they are compared with the Euler critical loading curve. 
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3 DESCRIPTION OF PROGRESSIVE BUCKLING TESTS 

3.1 - Definition of loadings 

According to routine, the loading due to an imposed force 
is called primary stress (P), and the one due to an imposed deformation 
is called secondary stress ( AQ). 

Primary stress 
P=F/irDt 

Strain range 
At=D/2LA8 

Secondary stress 
range 
Aa=2GAY 
AQ.=G(D/L/A0) 

AQ Twist angle 

Tube 

L Length 
D Diameter 
t Thickness 
G Shear modulus 
E Young modulus 
v Poisson ration 

^ G = E/2(1+v) 

Figure 2 

The secondary stress is an elastic fictitious stress calculated according 
to Tresca's criterion. 

3.2 - Behaviour of specimens during cycling 

The first loading applied to the specimen is the constant primary stress, 
which induces an initial longitudinal shortening ; in absence of creep, 
this shortening remains constant. Then, twisting cycling begins at angle 
+ A8/2 with a pause of 10 sec before each reversal. 

According to the intensity of the two simultaneous loadings, the cyclic 
torsional strain causes a more or less important progressive shortening 
of the specimen. Some typical results of shortening versus number of 
cycles are shown on figure 3. 

Three different behaviours were observed as shown on the schémas of 
figure 4. 

a) Schema 1 - No progressive shortening occurs during cycling, the only 
shortening occuring is due to the application of the primary 
load 

b) Schema 2 - A progressive shortening during cycling occurs which is 
a linear function of the number of cycles ; this behaviour 
corresponds to phase I. The test is stopped aftfr many 
cycles when the shortening appears to be stabilized. 
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c) Schema 3 - After a progressive linear shortening (phase I), a second 
phase appears during which shortening increment increases 
rapidly with each new cycle/ leading to a final instability. 

From these schémas, we define as "stable" the behaviour of specimens 
which did not exhibit final instability during the test period (schémas 
1 and 2). Obviously, it is not possible to assert that instability would 
not have occured, had the test been continued longer. One can only say 
that the behaviour remains stable for the duration of the test. 

It is worth to note that the number of cycles carried out before stopping 
these tests is important ; it ranges from 2240 to 32.017. 

By opposition, an "unstable" behaviour is defined as the one depicted 
on schema 3. 



P application 

ÂL 

Log N cycles 

Schema 1 

P application 

AL 

Phase I 

Log N cycles 

Schema 2 

P application 

Instability 

Phase I 

Log N cycles 

Schema 3 

Figure 4 
3.3 - Tests conditions and results 

The detailed data and the results of a total of 100 tests performed 
with specimens which did not exhibit any significant initial defect 
have previously been published by Clément and others (1986) and Acker 
and others (1987). 

Table 2 gives the detailed data of 19 additional tests concerning specimens 
with an initial defect <5 equal to 0.1. 



Stainless steel with initial defect 0.1 

Tubes 
diam. 

Test Length p / S y y * Number Behaviour 
number nun of Cycles ** 

15/16 

301 

302 

303 

304 

305 

306 

307 

665 0.19 7.22 

0.25 5.46 

0.22 5.46 

0.25 3.74 

0.25 1.99 

0.63 1.26 

0.39 2.37 

2.21 291 1 

13 1 

50 1 

1360 1 

32017 0 

6 1 

23100 0 

310 

311 

312 

1105 0.20 

0.35 

0.20 

2.97 

1.39 

4.14 

0-78 10760 

60 

4 

313 

314 

315 

1105 0.23 0.39 

0.13 1.26 

0.008 1.87 

0.35 11980 0 

9660 0 

9530 0 

10/11 316 

317 

318 

319 

321 

322 

225 0.81 1.21 

0.38 3.83 

0.24 7.19 

0.58 2.88 

0.38 5.74 

0.24 9.59 

8.47 4 1 

10200 0 

10920 0 

21 1 

10165 1 

12860 1 

* stiffness parameter 

** 1 unstable 0 stable 

Table 2 
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4 INTERPRETATION 

Devos, Gontier a.à Hoffmann (1983, 1984) have previously studied the 
case of a beam subjected to a compressive primary load P and to a cyclic 
bending loading Q with taking account for strain hardening. For that, 
they modelized the behaviour of elastic-plastic hinges made out of 316 
L stainless steel by using minimum monotonie tensile curves tabulated 
in the Design Code RCC-MR (annexe A III) (1985). With this model, they 
calculated numerically the minimum AQ value required to cause the insta
bility of the beam and they defined a limit of instability in the plane 
(P/Sy,.AQ/Sy) fo„ an undetermined number of cycles. 

Their results are given under the form of diagrams, for different values 
of the stiffness parameter J , defined as the ratio oi the critical 
Euler stress a g to the yield stress Sy ( 3 = -2^. ). Height diagrams are 
furnished for eight values of 3 , ranging from 0.2 to 2.5 (Gontier, 
Hoffmann, 1984). On each diagram, a set of curves, related to different 
values of the initial defect 6 , determines the limits of instability. 

It is possible to report on these diagrams the experimental results 
c.ox which the A Q/Sy and P/Sy values do not exceed the limits of diagrams. 
This was done after matching suitably the .3 curves and 3 specimens values ; 
see fig. 5 (a,b,c) on which, for clarity, are only drawn the curves for 
initial defect value equal to zero and 0.1. One can note a rather important 
conservatism of the calculated curves, compared with the experiments. 

As suggested by Gontier, these curves can be assimilated to straight 
lines of which the equation has the form ; 

P (1 +X ) + U A Q =Sy 

The X value is strongly depending on the 3 and 6 values, whereas the u 
value remains practically constant (* 0.45). 

In order to analyse the progressive buckling results as we did previously 
for the ratchetting effect (Cousseran and others, 1980, Clément and 
others, 1982), one must define new buckling curves in the field : 

( v = .-p. - , SQ = à-2 ) 
Per p 

These curves are given by the following equations : 

SSL - -JJ- & Q » 1 (1) 
P 1+X P 

or : 

V = S.— = 1 (2) 
pcr i + ( , u_ A_2 ) 

1+X P 
The influence of the different values of 5 a n c* 3 upon the new curves 
is shown figure 6. 
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10-1 io° F i g u r e 6 101 sa=ACL/p io : 

It is possible to reduce this network to a single curve by using in 
V an "effective" secondary stress A Q* in lieu of A Q, with 

A Q* = (-JL-) A Q (3) 
1+X 

This single curve can be translated along the horizontal axis by applying, 
in equation (3), a multiplier coefficient a to the term {-H—) 

1+X 
Then, we have V = ( 1 ) (4) 

l+(-A£I) 
a P 

The curve so obtained, with an arbitrary value of 3 for the a coefficient, 
is drawn on figure 7 and figure 8, on which are also plotted : 
- the efficiency diagram previously determined for the ratchetting effect 
- the experimental progressive buckling results, with SQ values calculated 
by doing SQ = A C* (the experimental applied A Q values are multiplied 

P 
by (_2JL.), with X - ( £y_- 1) 

1+X Per 
It appears on these figures : 
- the Gontier's curve has the same general shape as the efficiency diagram, 
with a slight difference of curvature 

- a better similitude of shape between the efficiency diagram and the 
lower bound of the buckled experimental points, than between this 
latter and the Gontier's curve. 
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Figure 7 - Progressive buckling results when using an effective secondary 
stress without initial defect (Austenitic steel). 
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To explain the discrepancy between the calculated Gontier's curve and 
the experiment, two reasons may be invoked : 

- The experimental torsional distorsion does not induce by itself any 
lateral deflection, contrary to the effect of bending loadings 

- The Gontier's computation did not take into account the actual cyclic 
behaviour of the material. 

5 PROPOSAL FOR A PRACTICAL RULE 

It is worth to recall that the good agreement observed between the effi
ciency diagram and the experimental results covers the entire range 
of possible types of buckling, going from fully plastic (very low slender-
ness, buckling at yield stress) to fully elastic (high slenderness, 
buckling at Euler stress). 

This incites to propose a practical method of prevention based on the 
use of this diagram. 

Obviously, the wse of this method should be, at the present time, limited 
to validated cases, that is to say on which the value of the initial 
defect is limited to : 6 < 0,1. 

The successive steps to perform are : 

a) Determination by elastic calculations, of : 

- the Euler load P E of the structure under primary load only 

- the limit load Py for which the stress at any point of the structura 
reaches the Sy value. 

b) Determination of the critical buckling load Per by use of the buckling 
diagrams estabilished by Autrusson and others (1985) (it is possible 
to obtain this parameter by a bifurcation elasto-plastic analysis). 

c) Determination of the X parameter 

X - -Jï. - 1 
Per 

d) Determination of the V value : 

V = _P m Actual primary load 
Per Per 

e) Plotting of the V value on the efficiency diagram, and reading of 
the corresponding SQ value. 

f) Prom t;:a SQ value, calculation of the allowable secondary stressA& s 

A Q A 1 1 - SQ . P . (1+X ) ( w i t h M « 0 / 4 5 ) 

3u 
The comparative values of ûQ^n determined by the proposed method and 
Q e x p actually applied are shown figure 9, for the whole of our tests. 
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6 CONCLUSIONS 

Cyclic strains, such as those induced by cyclic thermal stresses, can 
notably reduce the critical buckling resistance of mechanical structures. 
The ruin can then be caused by progressive buckling. 

Numerous experiments and calculations performed since several years 
at DEMT Saclay enable to propose a practical and well validated method 
of prevention against this phenomenon. 

Up to now, only one type of secondary cyclic stresses has been experi
mented for the validation of the efficiency diagram (shear stresses 
caused by torsion extended along the full length of the tube ). These 
shear stresses do not induce by themselves any additional deflections. 

It is expected that complementary works in progress will bring impro
vements for a more general use of this method, when other types of 
secondary loadings (and particularly bending) are concerned. 
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