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ABSTRACT

The VICTUS tests are sodium thermal shock experiments on LMFBR pipes 
to qualify computer codes and analysis procedures for structures 
and loadings of this type. The initial test results and calculations 
were presented at SMIRT 8 : a plane expansion loop with four elbows 
under in-plane bending loads was submitted to thermal shocks until 
shakedown occurred.

This paper covers the second test phase : a plane expansion loop 
under primary out-of-plane bending and torsion loads was subjected 
to thermal shocks until shakedown. The results confirm the observa­
tions recorded for the first expansion loop.

The test results are then compared with local calculations for 
torsion and ovalization. This study makes it possible to test certain 
plasticity models and their ability to account for thermal ratchetting.

1 THE "VICTUS" TESTS

1.1 Background Information

The entire test series was presented at SMIRT 8 together with the 
results obtained for the first test section (1). The same paper descri­
bed the measurement, recording and data analysis procedures. Calcula­
ted results for expansion loop No 1 were discussed and compared with 
the test findings in another paper (2).

1.2 Expansion loop No 2

Figure 1 shows the geometrical characteristics of the second expansion 
loop, a 316L stainless steel element manufactured as described in 
(1).
The test specimen was subjected to the following loading :
- Primary stress out-of-plane loading was created by a counterweight 

at the top center of the loop (Figure 1). Both ends of the loop were 
clamped. This load alone was not sufficient to induce plastification, 
and created out-of-plane bending and torsion loading in both lower 
elbows.

- In this configuration the assembly was subjected to cold shocks 
resulting in a 130-150oC wall temperature gradient, without causing 
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significant impeded expansion. These shocks were repeated to shakedown. 
- After shakedown to the cold shocks, the loop was subjected to 

a hot shock of the same amplitude.

2 TEST RESULTS WITH EXPANSION LOOP N°2

Although shakedown was observed after five cold shocks, a total of 
ten cycles were sustained without any further measurable distorsion. 
A new plastification was obtained, however, when the test specimen 
was submitted to a hot shock (thermal shock n° 11).

2.1 Residual Displacement at the Top of the Loop

Residual displacement measurements are used to determine whether 
shakedown has occured. The following values were measured for each 
thermal shock.

Thermal Shock No 1 2

Cold Shocks

5 6

Hot 
Shock

113 4

Max steel temp gradient °C 122 125 133 137 130 133 -126
Residual displacement mm 
Cumulative

6.5 1.5 2.2 1.1 1.0 0 4.5

residual displacement 6.5 8.0 10.2 11.3 11.4 11.4 15.9

Shocks 3 and 4 had the highest amplitude (cf steel temperature gra­
dients); this no doubt accounts for the accident in the diminishing 
residual displacement observed after the successive cold shocks.

2.2 Temperatures and Displacements during the Thermal Shocks

Figures 2 (shock No 1) and 3 (hot shock N° 11) show the displacements 
at the top of the loop during the thermal shock, the mean steel tempe­
rature and the equivalent linear temperature gradient. The last two 
values are calculated (thermal conduction calculation) from measured 
temperatures at the loop inlet and outlet.

2.3 Residual Ovalization

Plastification occurred primarily in the two lower elbows. The resi­
dual ovalization due to the first cold shock, the cumulative results 
for shocks 2 through 10 and the result for (hot) shock 11 are shown 
in figure 4. Ovalization was oriented about 45° from the loop plane, 
as could be expected under the test loading conditions (out-of-plane 
torsion and bending).

The mean and maximum ovalization (the incremental values due to 
each shock) recorded for the lower elbows are indicated in the follo­
wing table.
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* Cumulative Value

Elbow
Thermal

Shock

Mean Values Maximum Values

Mean 
Ovalization

Mean 
Angle

Maximum 
Ovalization

Angle

1 1.59 x 10-3 33° 2.64 x 10-3 32°

C1 2- 10* 0.78 x 10-3 48° 0.95 x 10-3 49 0

11 1.36 x 10-3 47° 2.44 x 10-3 31°

c4 1 1.06 x 10-3 -44 1.33 x 10-3 -440
2- 11* 2.38 x 10-3 -37° 3.68 x 10-3 -42°

2.4 Residual Torsion

Accurate residual torsion measurements are only available for shock 
N°1 and for the cumulative result of shocks 2 through 11. The follo­
wing values were recorded for the lower horizontal straight portions

Thermal Shock Residual Torsion

1 0.8 x 10-6 rd/mm
2-11 1.2 x 10-6 rd/mm

2.5 Notes on the Test Results

These results for out-of-plane bending and torsion loads confirm 
the findings for expansion loop N°1 with planar bending loads :

- Deformation was noted in the primary loading direction (45° ovali- 
zation)

- The thermal ratchetting phenomenon confirms the contribution 
as a secondary loading of the thermally radial loading induced stres­
ses through the wall thickness.

3 LOCAL PLASTIC CALCULATIONS : COMPARISON WITH EXPERIMENTAL MEASURE­
MENTS

Local shell calculations were performed in which primary stress loa­
ding was applied to a small portion of the expansion loop, and thermal 
shocks were then superimposed. These analyses were done to test var­
ious plasticity models before - undertaking a full shell calculation 
as was done for the first test (2). Two zones of the expansion loop 
were selected for these calculations :

- a section of the lower horizontal straight portion submitted 
to torsional loading,

- a section of the lower elbow submitted to bending and induced 
ovalization loads.

The maximum thermal and mechanical load values are specified in 
figure 6. For the thermal loads, the values correspond to the test 
load referenced to a mean temperature of 0°C. This procedure was 
used to analyze six cold shocks followed by a hot shock.
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3.1 Used Plasticity Models

Four plasticity models were investigated :
- isotropic model
- bilinear kinematic model
- trilinear kinematic model.
Figure 5 shows the monotonic curves of this three models
- A nonlinear kinematic model developed by J.L.Chaboche (4) was 

then applied. The principles of this model are briefly summarized 
here :
Notations :

&cumulative plastic deformation
O, stress tensor
Spplastic deformation tensor
5-Von Mises criterion
Xplasticity sphere translation tensors (kinematic variables)
R plasticity sphere radius (isotropic variable)
• derivative with respect to
Equations defining the model :
plasticity law : J.(0—X) - R (£*) = O

XE= Ca ASP —Xe)
R(O)=Ro

A number of models of this type with three, five and seven parameters 
(depending on the k value) were tested, with identification on cyclic 
tests and monotonic curves for this material, or using standard parame­
ters for this grade of steel. The parameter selection was the first 
difficulty encountered in using this type of model.

Only two examples with three parameters representative of the resu­
lts that can be obtained will be discussed here.

In the 3-parameter model, k = 1 (a single kinematic variable), 
and the radius of the plasticity sphere is constant R = Ro (B = 0). 
The model is thus characterized by A,C and R (stress values in hbar)

- Chaboche 1 A = 22.07 C = 1.77 x 105 Ro = 10
- Chaboche 2 A = 19.09 C = 1.077 x 103 Ro = 14

3.2 Torsion Analysis (lower horizontal straight portion)

The analysis covered a small section of the straight portion in axisy- 
metrical coordinates with mode 0 (tangential) loading to simulate 
torsional loading, using the INCA of the CASTEM system (3).

One of the ends is clamped.The other end is rotation impeded in 
the plane containing the axis (pine continuity condition).

The analysis characteristics were the following : 1 thin shell 
element with 7 plasticity integration points in the shell thickness 
submitted to mode 0 loading to simulate the primary torsion load 
(moment corresponding to the force applied on the top of the expansion 
loop : cf figure 5) submitted to thermal shocks. This analysis accura­
tely represents the phenomena occurring in the straight portion away 
from the elbow.

The results are shown in figures 7 and 8.
Figure 7 shows the residual torsion values calculated with the 

different models after each shock, together with the estimated resi­
dual torsion distribution for each shock based on the experimental 
measurements : the latter value is weighted proportionally to the 
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residual displacement at the top of the expansion loop. It may be 
seen that the first three models do not give thermal ratchetting. 
The value given by the fifth model ("Chaboche 2") is too low, while 
the fourth model gives an overestimated result (there is no limit 
to the plastification after the sixth shock).

Figure 8 shows the sear stress evolution for each load and unload 
to assess the results given by the different models. It may be seen 
that with relatively low shear stresses (1-2 hbar) significant torsio­
nal plastification can be obtained simply by superimposing thermal 
shocks.

3.3 Ovalization Analysis (most heavily loated section of the lower 
elbows : section where ovalization is the highest).

This analysis concerns an elbow section, using a thin shell cross 
section with 7 plasticity integration points in the shell thickness 
under generalized plane deformation (i.e. nonzero out-of-plane defor­
mation but maintaining the cross section planar : see reference (5)). 
The calculation was performed using the INCA code, and the cross 
section was meshed with 48 shell elements.

Primary loading was simulated as follows :
- a beam-type moment resulting in bending perpendicular to the 

plane (possible in generalized plane deformation)
- internal pressure loading at sin 20,30,40,50. An elastic calcula­

tion with the TRICO shell code (CASTEM System) for the entire expan­
sion loop gived us the circumferential stress repartition in the 
most loaded section. A Fourier series decomposition allows for the 
calculation of the pressure loading which produce the same circumfe­
rential stresses. Figure 9 compares the stresses as given by TRICO 
with our local INCA calculation.

The cold shocks and hot shock loading is then added (figure 6).
The results are shown in figures 10, 11 and 12.
Figure 10 indicates the residual ovalization calculated with the 

different models after each shock, together with the estimated resi­
dual ovalization distribution for each shock, based on the test measu­
rements and weighted proportionally to the residual displacement 
at the top of the expansion loop. The same observations may be made 
as for the previous analysis : the Chaboche model is the only one 
that gives thermal ratchetting. Plastification is not limited for 
the 5th shock with the "Chaboche 1" formulation, while "Chaboche 
2" seems to provide more accurate results and also better accounts 
for the thermal shock (No 11).

Figure 11 shows the circumferential strains on load and unload 
for the cold shocks. The "Chaboche" models tend to provide symmetrical 
stress values for load and unload.

Figure 12 shows the detailed cyclic loading with three different 
plasticily models : isotropic, kinematic, Chaboche 1. The isotropic 
model produces elastic shakedown and the kinematic one plastic shake­
down

4 CONCLUSION

The tests on the N° 2 expansion loop confirm the results observed 
on the first expansion loop : thermal ratchetting in the direction 
of the primary loading developed under the effect of repeated thermal 
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shocks. It is thus important to take into account the AT1 temperature 
gradient in the wall thickness when analyzing this phenomenon.

Local calculation with various plasticity models demonstrated the 
superiority of the nonlinear kinematic model developed by M. Chaboche, 
although the thermal ratchetting is overestimated and the parameter 
values are relatively difficult to determine. Overall shell calcula­
tions for the complete expansion loop are planned.

The test program will proceed with a third 3-dimensional expansion 
loop test in which the primary loading will be replaced by impeded 
expansion loading.
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