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Mise en contexte – chargement combiné

Mise en contexte – chargement combiné

Contrainte maximale?

Génie civil?
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Mise en contexte – chargement combiné

Cuves sous pression – Réacteurs nucléaires
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[France metallurgie, Kolumbus]
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Mise en contexte – chargement combiné

Cuves sous pression – Essai destructifs

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin 
Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000. SAND2011-1846P

Data Acquisition System (MIDAS), 
researchers efficiently and effectively 
gather performance data needed to 
satisfy fire-based regulatory and validation 
requirements.

Customization Opportunities Based 
on Experiments
Depending on the needs of a specific 
experiment, Sandia customizes its facilities, 
adapting them to meet the unique needs 
of each situation. For example, Sandia 
maintains a large outdoor lake facility 
that was used for Liquefied Natural Gas 
(LNG) experiments. Researchers are able to 
adjust the pool’s size, blocking off sections 
when needed, to accommodate the needs 
and parameters of individual tests. This 
customization helps researchers generate 
increasingly detailed, accurate performance 
data since the physical characteristics of the 

test environment closely resemble those of 
the actual environment of interest.

Sandia also constructs custom facilities, 
when needed. In support of the NRC 
and Japan’s Nuclear Power Engineering 
Corporation, Sandia’s researchers custom-
built a quarter-scale nuclear reactor 
designed to test the point at which 
overpressurization would result in structural 
failure. 

Analyzing Validation Data
In general, data generated through large-
scale validation experiments is analyzed 
to determine whether or not a technology 
meets requirements. Documenting 
and characterizing how the technology 
performs in a particular environment, the 
resulting analysis indicates what industry 
and regulatory agencies can expect if 
the situation were to occur when the 
technology was deployed. This data is 
particularly valuable when used to inform 
risk and safety assessments. 

Additionally, data derived from large-
scale validation experiments benchmarks 
modeling and simulation tools. Without 
physically executing the experiment, 
these tools generate performance data 
for technology subjected to a variety of 
environments and situational scenarios. 
However, since the experiments are 
simulated, benchmarks are necessary to 
permit high confidence in data generated 
from non-tested scenarios.  

Large-Scale Validation Experiments 
in Action: Quarter-Scale Reactor 
Experiment
Sponsored by the NRC and Japan’s Nuclear 
Power Engineering Corporation, the quarter-
scale reactor experiment was performed 
to validate NRC computer codes used to 
predict pre-stressed concrete containment 
vessel (PCCV) pressure tolerances in severe 
accidents, and to demonstrate that existing 
reactors at power plants in Japan and the 
U.S. could perform safety functions reliably 
in an accident. 

Over the course of three years, Sandia 
constructed a 70-foot tall, 35-foot diameter 
PCCV as a small replica of one operating 
at a nuclear power plant in Japan. During 
the experiment, the vessel was “tested 
to failure” as Sandia researchers pumped 
nitrogen gas and water into the concrete 
model, gradually increasing the pressure 
until the structure failed. It is the largest 
nuclear reactor containment vessel model 
ever tested to failure.

The PCCV model was built with nearly 1,500 
sensors and fiber optic lines embedded 
into its materials enabling researchers to 
gather tens of thousands of lines of data 
about its performance before and during 
the test. Data from the test was used by an 
international team of experts to benchmark 
structural analysis codes and develop new 
state-of-the-art accident response models.

Energy Security
Nuclear Energy

Large-Scale Validation
Experiments

For more information please contact:

Douglas J. Ammerman, Ph.D.
E-mail: djammer@sandia.gov
Phone: (505) 845-8158
Website: ne.sandia.gov

LNG experiment at Sandia’s outdoor lake facility
The largest nuclear reactor containment vessel 
model ever tested to failure
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Mise en contexte – chargement combiné

Structures gonflables
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[Wikipedia, Pedretti (2004,2005), Google images]
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Mise en contexte – chargement combiné

Barrages
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Cylindres ouverts sous pression

Cylindres ouverts sous pression – contraintes

Contrainte circonférentielle:

σθ =
Fθ
bt

=
pr

t

Force radiale:

Fr = p

surface︷ ︸︸ ︷
b(rdθ)

Composante verticale:

Fy (θ) = Fr · sin θ

Force circonférentielle:

Fθ = 1
2

∫ π
0 Fy (θ)dθ

= 1
2 [−bpr cos θ]π0

= −1
2bpr [cosπ − cos 0]

= bpr
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[Bazergui]
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Cylindres ouverts sous pression

Cylindres ouverts sous pression – déformations

σθ =
pr

t

L = 2πr

Allongement (rappel):

δ =
FL

EA

Allongement circonférentiel:

δθ =
σθAL

EA

σθ�AL

E�A

=
pr

t
· 2πr

E
=

2πpr2

Et

Changement de rayon:

δr =
δθ
2π

=
pr2

Et

Enseignant: J-A. Goulet Polytechnique Montréal
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Cylindres ouverts sous pression

Cylindres ouverts sous pression – exemple

σθ =
pr

t

δr =
pr2

Et

Calculer σθ,max et δθmax

Enseignant: J-A. Goulet Polytechnique Montréal
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Cylindres fermés sous pression

Cylindres fermés sous pression – contraintes
Contrainte circonférentielle:

σθ =
pr

t

Force sur le bouchon:

Fx = πr2p

Contrainte axiale:

σx =
Fx
Ax

=
πr2p

2πrt
=

pr

2t

État de contraintes bi-axiales, σθ = 2σx
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Cylindres fermés sous pression

Cylindres fermés sous pression – Mohr

État de contraintes bi-axiales, σθ = 2σx

Contrainte de cisaillement maximale:

|τmax | =
σ1 − σ3

2
=

1

2

(
2pr

2t

)
=

pr

2t
= σx
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[Bazergui]
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Sphères

Sphères sous pression – Contraintes

Force dans le liquide/gaz

Fp = p · πr2

Force dans la paroi

Fs = σ · A = σ · 2πrt

Équilibre des forces

Fs ≡ Fp

Contrainte
σs =

pr

2t
= σx
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Sphères

Comparaison sphères v.s. cylindres

|τmax,sphere | =
σ1 − σ3

2
=

pr

4t
=

1

2
|τmax,cylindre |
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Sphères

Cylindre fermé sous pression – exemple

I Di = 1 200mm

I p = 2MPa

I σadm. = 100MPa

I τadm. = 40MPa

Calculer l’épaisseur minimale du réservoir

Enseignant: J-A. Goulet Polytechnique Montréal
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Sphères

Cylindre fermé sous pression – Défaillance

?

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin 
Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000. SAND2011-1846P

Data Acquisition System (MIDAS), 
researchers efficiently and effectively 
gather performance data needed to 
satisfy fire-based regulatory and validation 
requirements.

Customization Opportunities Based 
on Experiments
Depending on the needs of a specific 
experiment, Sandia customizes its facilities, 
adapting them to meet the unique needs 
of each situation. For example, Sandia 
maintains a large outdoor lake facility 
that was used for Liquefied Natural Gas 
(LNG) experiments. Researchers are able to 
adjust the pool’s size, blocking off sections 
when needed, to accommodate the needs 
and parameters of individual tests. This 
customization helps researchers generate 
increasingly detailed, accurate performance 
data since the physical characteristics of the 

test environment closely resemble those of 
the actual environment of interest.

Sandia also constructs custom facilities, 
when needed. In support of the NRC 
and Japan’s Nuclear Power Engineering 
Corporation, Sandia’s researchers custom-
built a quarter-scale nuclear reactor 
designed to test the point at which 
overpressurization would result in structural 
failure. 

Analyzing Validation Data
In general, data generated through large-
scale validation experiments is analyzed 
to determine whether or not a technology 
meets requirements. Documenting 
and characterizing how the technology 
performs in a particular environment, the 
resulting analysis indicates what industry 
and regulatory agencies can expect if 
the situation were to occur when the 
technology was deployed. This data is 
particularly valuable when used to inform 
risk and safety assessments. 

Additionally, data derived from large-
scale validation experiments benchmarks 
modeling and simulation tools. Without 
physically executing the experiment, 
these tools generate performance data 
for technology subjected to a variety of 
environments and situational scenarios. 
However, since the experiments are 
simulated, benchmarks are necessary to 
permit high confidence in data generated 
from non-tested scenarios.  

Large-Scale Validation Experiments 
in Action: Quarter-Scale Reactor 
Experiment
Sponsored by the NRC and Japan’s Nuclear 
Power Engineering Corporation, the quarter-
scale reactor experiment was performed 
to validate NRC computer codes used to 
predict pre-stressed concrete containment 
vessel (PCCV) pressure tolerances in severe 
accidents, and to demonstrate that existing 
reactors at power plants in Japan and the 
U.S. could perform safety functions reliably 
in an accident. 

Over the course of three years, Sandia 
constructed a 70-foot tall, 35-foot diameter 
PCCV as a small replica of one operating 
at a nuclear power plant in Japan. During 
the experiment, the vessel was “tested 
to failure” as Sandia researchers pumped 
nitrogen gas and water into the concrete 
model, gradually increasing the pressure 
until the structure failed. It is the largest 
nuclear reactor containment vessel model 
ever tested to failure.

The PCCV model was built with nearly 1,500 
sensors and fiber optic lines embedded 
into its materials enabling researchers to 
gather tens of thousands of lines of data 
about its performance before and during 
the test. Data from the test was used by an 
international team of experts to benchmark 
structural analysis codes and develop new 
state-of-the-art accident response models.

Energy Security
Nuclear Energy

Large-Scale Validation
Experiments

For more information please contact:

Douglas J. Ammerman, Ph.D.
E-mail: djammer@sandia.gov
Phone: (505) 845-8158
Website: ne.sandia.gov

LNG experiment at Sandia’s outdoor lake facility
The largest nuclear reactor containment vessel 
model ever tested to failure
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Distribution des contraintes dans les poutres

Distribution des contraintes dans les poutres

σ0 ≡
P

A

Enseignant: J-A. Goulet Polytechnique Montréal
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Distribution des contraintes dans les poutres

Champ de contraintes dans les poutres

Enseignant: J-A. Goulet Polytechnique Montréal
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Exemples – Distribution des contraintes

Exemple MDS 9.2 + ++

Question:

a) Calculer V et M à la section a-a

b) Calculer σx et τy au point H

c) Calculer σ1 et |τmax| au point H

Enseignant: J-A. Goulet Polytechnique Montréal
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Exemples – Distribution des contraintes

Exemple MDS 9.3 ++

Iz = 1 335 000mm4

Question:
Pour la section M-M et pour le point H

a) Calculer V et M

b) Calculer σx et τxy

c) Calculer σ1 et |τmax|

Enseignant: J-A. Goulet Polytechnique Montréal
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Exemples – Distribution des contraintes

Exemple MDS 9.4

Dext = 2 in

Dint = 1.5 in

A =
π

4
(D2

ext − D2
int ) = 1.37 in2

Ip =
π

32
(D4

ext − D4
int ) = 1.07 in4

Question :
Calculer σ1 et |τmax| au point H

Enseignant: J-A. Goulet Polytechnique Montréal
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Rappel - calcul des contraintes

Formules pour le calcul des contraintes

Effort Symbole Formule [Craig.]

Force normale F σ = F
A §2.2, 3.2

Moment de torsion T τ = Tρ
Ip

§4.3

Moment de flexion M σ = −My
I §6.3

Force de cisaillement V τ = VQ
It §6.8

Enseignant: J-A. Goulet Polytechnique Montréal
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Exemple d’application: cadres rigides

Exemple d’application: cadres rigides

Dans le cadre du cours on
s’intéresse à la combinaison N–M

Efforts axiaux – N

Efforts tranchants – V

Moments fléchissants – M

Enseignant: J-A. Goulet Polytechnique Montréal
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[Engineering Wiki]
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Hypothèses pour combinaison des chargements

Hypothèses pour combinaison des chargements

1. Matériau linéaire et élastique

2. Petites déformations et petits déplacements

3. Section et structure stables
( flambement, voilement, déversement, p −∆)

Enseignant: J-A. Goulet Polytechnique Montréal
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Combinaison de flexion et de charge axiale

Flexion et chargement axial

σx =
F

A
+

Myz

Iy
− Mzy

Iz

Enseignant: J-A. Goulet Polytechnique Montréal

9 – Contenants sous pression et combinaison de chargements | V1.1 | CIV1150 – Résistance des matériaux 28 / 33



Intro Pression→ σ & ε Distribution σ Chargement combiné Résumé

Combinaison de flexion et de charge axiale

Exemple: flexion et chargement axial

F = −P
My = −Pez
Mz = Pey

σx =
F

A
+

Myz

Iy
− Mzy

Iz

Enseignant: J-A. Goulet Polytechnique Montréal
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Combinaison de flexion et de charge axiale

Exemple MDS 9.5

Question:
Calculer σx et τxy au point H situé au droit
de la coupe a–a

Enseignant: J-A. Goulet Polytechnique Montréal
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Courbes d’interaction F–M

Courbes d’interaction F–M
Domaine élastique

F

Aσy
+

Mc

Izσy
= 1

ME =
Izσy
c
, FE = Aσy

M

ME
= 1− F

fE

Enseignant: J-A. Goulet Polytechnique Montréal
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[Filiatreau, 1996]
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Résumé – Module #9
Cylindres fermés sous pression (contraintes)

σθ = 2σx

|τmax | = σx


circonférentielle: σθ = pr

t

axiale: σx = pr
2t

de cisaillement maximale: |τmax | = pr
2t

Distribution des contraintes dans les poutres

Combinaison de chargement en flexion et axial

σx =
F

A
+

Myz

Iy
− Mzy

Iz

Enseignant: J-A. Goulet Polytechnique Montréal
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Organisation de la matière

1 Statique


- Équilibre des forces et moments
- Diagrammes de corps libres

- 5 Diagramme des efforts, N(x),V (x),M(x)

2 Matériau

{
- Contraintes & déformations
- Loi de Hooke, Poisson & St-Venant

Chargements



- 3 Efforts axiaux

- 4 Torsion

- 6a Flexion

- 6b Cisaillement

- 7 Déflexion

- 9 Pression & chargements combinés

États limites


- 7 Déflexion

- 8 Contraintes 2D-3D
Introduction Mohr 2D (\�) Mohr 3D (\�) \✏ Mohr (\✏) Mesures de ✏ Résumé

Construction du cercle de Mohr

Cercle de Mohr + +

(�n��avg .)
2+⌧2

nt = R2

tan 2✓p1 =
⌧xy

�x��y

2

�

⌧

X : �x , ⌧xy
✓ = 0

Y : �y ,�⌧xy
✓ = 90o

C

R

�avg . =
�x+�y

2
�x��y

2

2✓

Enseignant: J-A. Goulet (Automne 2015) Polytechnique Montréal
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- 10 Lois constitutives & critères de rupture

Enseignant: J-A. Goulet Polytechnique Montréal
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