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Some generalities
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failure state, such as yielding, fracture, or
loss of integrity.
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Arbitrary beam Straight beam
Mid-plane

𝒊
𝒋

𝒌
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v Continuity:
o The material is treated as a continuous

medium, a set of adjacent entities without
gaps.

➥ This axiom contrasts with an atomistic (discrete) 
view. 

v Homogeneity:
o The mechanical properties do not depend on

spatial position.
➥ This axiom contrasts with a heterogeneous 

view, where mechanical properties vary from point 
to point.

v Isotropy:
o The mechanical properties do not depend on

orientation.
➥ This axiom contrasts with an anisotropic view, 

where mechanical properties depend on direction.

Assumptions and principles of Strength of Materials
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view. 

v Homogeneity:
o The mechanical properties do not depend on

spatial position.
➥ This axiom contrasts with a heterogeneous 

view, where mechanical properties vary from point 
to point.

v Isotropy:
o The mechanical properties do not depend on

orientation.
➥ This axiom contrasts with an anisotropic view, 

where mechanical properties depend on direction.

Assumptions and principles of Strength of Materials

Millau Viaduct

Ä In reality, no material perfectly satisfies these assumptions; it all depends on the scale at which the material is observed.
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Micro-/nano-structures

L. Bragg & J.F. Nye, Proc. R. Soc. Lond. (1947)
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Micro-/nano-structures
Grains:

Ø Size
Ø Shape
Ø Chemistry
Ø Distribution

Dislocations:
Ø Types
Ø Density
Ø Distribution

Solutes / Vacancies:
Ø Nature
Ø Number
Ø Distribution

Microstructure

Properties

L. Bragg & J.F. Nye, Proc. R. Soc. Lond. (1947)
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Deformation of materials
Initial size of the structure 𝐿×𝑙×ℎ
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Deformation of materials
Application of a vertical load
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Deformation of materials
Under the load, the vertical springs are compressed and the horizontal ones are stretched.
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Deformation of materials
When the load is removed, the structure returns to its original dimensions.

Reversible deformation
= 

Elastic deformation
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Deformation of materials
Under the load, the vertical springs are compressed and the horizontal ones are stretched.

A higher load is applied.
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Deformation of materials
Under the load, the vertical springs are compressed and the horizontal ones are stretched.

Some springs are broken.
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Deformation of materials
Since some springs are broken, the structure does not return to its original shape.

Irreversible deformation
= 

Plastic deformation
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Deformation of materials
Since some springs are broken, the structure does not return to its original shape.

DISLOCATIONS

Burgers
vector

Irreversible deformation
= 

Plastic deformation
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v Elasticity:
o The material returns to its original shape and

dimensions once the load is removed.

v Small deformations:
o Deformations are assumed to be small enough

so that geometric nonlinearities can be
neglected.

v Static loads:
o Loads are assumed to vary slowly enough in

time so that dynamic effects can be negl

v Saint-Venant’s principle:
o Far from the load application zone, the detailed

shape of the load has little influence on the
stress distribution

v Navier-Bernoulli principle:
o Cross-sections remain plane and perpendicular

to the beam’s axis during bending.
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External loads



35

Prof. Antoine GUITTON

External loads

vActions directly applied to the beam at points 𝑨𝒊: 𝓣𝑨𝒊
v Actions at the supports at points 𝑩𝒊: 𝓣𝑩𝒊
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vPoint loads (𝑃 in N):
o Loads applied at a single point.

Actions directly applied to the beam

𝑃

𝒊�

𝒋

𝒌
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vPoint loads (𝑃 in N):
o Loads applied at a single point.

Actions directly applied to the beam

𝑃

𝒊�

𝒋

𝒌

𝑃
2

𝑃
2

vDistributed loads (𝑝 in N∙m−1):
o Loads applied over a continuous set 

of points.
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External loads

vActions directly applied to the beam at points 𝑨𝒊: 𝓣𝑨𝒊
v Actions at the supports at points 𝑩𝒊: 𝓣𝑩𝒊
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External loads: supports

𝒯! =
𝑇!,# 𝑅!,#
𝑇!,$ 𝑅!,$
𝑇!,% 𝑅!,%

𝒊�

𝒋

𝒌

Translation along 𝒊

Translation along 𝒋

Translation along 𝒌

Rotation around 𝒊

Rotation around 𝒋

Rotation around 𝒌

Ä6 degrees of freedom (DOF). 
ÄEach support blocks some of them: blocked translations create reaction forces, and 

blocked rotations create reaction moments.



42

Prof. Antoine GUITTON

External loads: supports

𝒊

𝒋

𝒌

Simple support

𝒯$ =
0 0
𝑅$,& 0
0 0

Ä 5 degrees of freedom.

𝒊
�

𝒋

𝒌
𝐴 𝒊

�

𝒋

𝒌
𝐴 𝑅#,%
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External loads: supports

𝒊

𝒋

𝒌

𝒊

𝒋

𝒌

Simple support Pinned support

𝒯$ =
0 0
𝑅$,& 0
0 0

𝒯$ =
𝑅$,' 0
𝑅$,& 0
0 0

Ä 5 degrees of freedom. Ä 4 degrees of freedom.

𝒊
�

𝒋

𝒌
𝐴 𝒊

�

𝒋

𝒌
𝐴 𝑅#,%

𝒊
�

𝒋

𝒌
𝐴 𝒊

�

𝒋 𝒌

𝐴 𝑅#,%

𝑅#,&
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External loads: supports

Fixed support
𝒊

𝒋

𝒌

𝒊

𝒋

𝒌

Simple support Pinned support

𝒯$ =
0 0
𝑅$,& 0
0 0

𝒯$ =
𝑅$,' 0
𝑅$,& 0
0 0

Ä 5 degrees of freedom. Ä 4 degrees of freedom.

𝒊

𝒋

𝒌

Ä 0 degree of freedom in 3D.

𝒯$ () =
𝑅$,' 𝑀$,'
𝑅$,& 𝑀$,&
𝑅$,* 𝑀$,*

𝒯$ +) =
𝑅$,' 0
𝑅$,& 0
0 𝑀$,*

𝒊
�

𝒋

𝒌
𝐴 𝒊

�

𝒋

𝒌
𝐴 𝑅#,%

𝒊
�

𝒋

𝒌
𝐴 𝒊

�

𝒋 𝒌

𝐴 𝑅#,%

𝑅#,&

𝒊�

𝒋

𝒌

𝐴
↺𝒊

�

𝒋

𝐴 𝑅#,%

𝑅#,&
𝑀#,'
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𝑅$,' 0
𝑅$,& 0
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Ä 5 degrees of freedom. Ä 4 degrees of freedom.

ÄIn 2D 𝒊, 𝒋 plane analysis only three support types are distinct

𝒊
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𝒯$ () =
𝑅$,' 𝑀$,'
𝑅$,& 𝑀$,&
𝑅$,* 𝑀$,*

𝒯$ +) =
𝑅$,' 0
𝑅$,& 0
0 𝑀$,*

𝒊
�

𝒋

𝒌
𝐴 𝒊

�

𝒋

𝒌
𝐴 𝑅#,%

𝒊
�

𝒋

𝒌
𝐴 𝒊

�

𝒋 𝒌

𝐴 𝑅#,%

𝑅#,&

𝒊�

𝒋

𝒌

𝐴
↺𝒊

�

𝒋
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The fundamental principle of statics (FPS)

vStatement:
o A system is in equilibrium if and only if the resultant of all external forces at point 𝐴 (𝑹𝐀) is zero

and the resultant of all external moments at point 𝐴 (𝑴𝑨) is zero.
⇒ 𝑹𝑨 =)

/01

𝒇𝑨,𝒊 = 𝟎 ;𝑴𝑨 =)
/01

𝒎𝑨,𝒊 = 𝟎
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The fundamental principle of statics (FPS)

vStatement:
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v Isostatic:
o If the number of unknown reaction components is equal to the number of equilibrium

equations provided by the FPS.
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The fundamental principle of statics (FPS)

vStatement:
o A system is in equilibrium if and only if the resultant of all external forces at point 𝐴 (𝑹𝐀) is zero

and the resultant of all external moments at point 𝐴 (𝑴𝑨) is zero.
⇒ 𝑹𝑨 =)

/01

𝒇𝑨,𝒊 = 𝟎 ;𝑴𝑨 =)
/01

𝒎𝑨,𝒊 = 𝟎

⇒)
/01

𝒯3 = 0

v Isostatic:
o If the number of unknown reaction components is equal to the number of equilibrium

equations provided by the FPS.

vHyperstatic:
o If the number of unknown reaction components is greater than the number of equilibrium

equations provided by the FPS.
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v Isolate the system:
o Choose the object you want to analyze.

The free body diagram (FBD)
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v Isolate the system:
o Choose the object you want to analyze.

v Model the system in connection with its
environment:

o Use the most appropriate supports.

The free body diagram (FBD)

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃

4𝐿 2 4𝐿 2
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v Isolate the system:
o Choose the object you want to analyze.

v Model the system in connection with its
environment:

o Use the most appropriate supports.

v Replace each support by reaction forces:
o At each support, draw the appropriate

reactions.

v Add all external forces:
o The elephant’s weight acting downward at its

center of gravity.

v Add geometric information if needed:
o Distances between supports, the position of the

elephant on the line, lengths, etc.

v Add a coordinate system:
o Draw axes.

The free body diagram (FBD)

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃

4𝐿 2 4𝐿 2

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% 𝑅(,%

4𝐿 2 4𝐿 2
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v Coordinate system:
o Origin: 𝐴; Basis: 𝐴, 𝒊, 𝒋, 𝒌

How to solve a statics problem?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% 𝑅(,%

4𝐿 2 4𝐿 2
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v Coordinate system:
o Origin: 𝐴; Basis: 𝐴, 𝒊, 𝒋, 𝒌

v Writing the torsors:
o Supports

𝒯$ =
0 0
𝑅$,& 0
0 0

; 𝒯, =
0 0
𝑅,,& 0
0 0

o External	loads

𝒯- =
0 0

−𝑃 = −𝑚𝑔 0
0 0

How to solve a statics problem?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% 𝑅(,%

4𝐿 2 4𝐿 2
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v Coordinate system:
o Origin: 𝐴; Basis: 𝐴, 𝒊, 𝒋, 𝒌

v Writing the torsors:
o Supports

𝒯$ =
0 0
𝑅$,& 0
0 0

; 𝒯, =
0 0
𝑅,,& 0
0 0

o External	loads

𝒯- =
0 0

−𝑃 = −𝑚𝑔 0
0 0

v Transporting the torsors to a common point
(𝑪 for example):

𝒯$→- =
𝑅- = 𝑅$ = 𝑅$,&𝒋

𝑀- = 𝑀$ + 𝑪𝑨×𝑹𝑨

=
𝑅- = 𝑅$,&𝒋

𝑀- = 𝟎 + −
𝐿
2
𝒊×𝑅$,&𝒋

=
𝑅- = 𝑅$,&𝒋

𝑀- = −
𝐿
2
𝑅$,&𝒌

=

0 0
𝑅$,& 0

0 −
𝐿
2
𝑅$,&

𝒯,→- =
𝑅- = 𝑅,,&𝒋

𝑀- =
𝐿
2
𝑅,,&𝒌

=

0 0
𝑅,,& 0

0
𝐿
2
𝑅,,&

𝒯- =
0 0

−𝑃 = −𝑚𝑔 0
0 0

How to solve a statics problem?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% 𝑅(,%

4𝐿 2 4𝐿 2
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v Let’s apply the FPS in 𝑪:
𝒯$→- + 𝒯,→- + 𝒯- = 0

⇒

0 0
𝑅$,& 0

0 −
𝐿
2
𝑅$,&

+

0 0
𝑅,,& 0

0
𝐿
2
𝑅,,&

+
0 0
−𝑃 0
0 0

= 0

⇔

0 + 0 + 0 = 0 0 + 0 + 0 = 0
𝑅$,& + 𝑅,,& − 𝑃 = 0 0 + 0 + 0 = 0

0 + 0 + 0 = 0 −
𝐿
2
𝑅$,& +

𝐿
2
𝑅,,& + 0 = 0

How to solve a statics problem?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% 𝑅(,%

4𝐿 2 4𝐿 2
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v Let’s apply the FPS in 𝑪:
𝒯$→- + 𝒯,→- + 𝒯- = 0

⇒

0 0
𝑅$,& 0

0 −
𝐿
2
𝑅$,&

+

0 0
𝑅,,& 0

0
𝐿
2
𝑅,,&

+
0 0
−𝑃 0
0 0

= 0

⇔

0 + 0 + 0 = 0 0 + 0 + 0 = 0
𝑅$,& + 𝑅,,& − 𝑃 = 0 0 + 0 + 0 = 0

0 + 0 + 0 = 0 −
𝐿
2
𝑅$,& +

𝐿
2
𝑅,,& + 0 = 0

v Obtaining a system of equations from the
non zero components of the FPS torsor:

F
𝑅$,& + 𝑅,,& − 𝑃 = 0

−
𝐿
2
𝑅$,& +

𝐿
2
𝑅,,& = 0

How to solve a statics problem?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% 𝑅(,%

4𝐿 2 4𝐿 2
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v Let’s apply the FPS in 𝑪:
𝒯$→- + 𝒯,→- + 𝒯- = 0

⇒

0 0
𝑅$,& 0

0 −
𝐿
2
𝑅$,&

+

0 0
𝑅,,& 0

0
𝐿
2
𝑅,,&

+
0 0
−𝑃 0
0 0

= 0

⇔

0 + 0 + 0 = 0 0 + 0 + 0 = 0
𝑅$,& + 𝑅,,& − 𝑃 = 0 0 + 0 + 0 = 0

0 + 0 + 0 = 0 −
𝐿
2
𝑅$,& +

𝐿
2
𝑅,,& + 0 = 0

v Obtaining a system of equations from the
non zero components of the FPS torsor:

F
𝑅$,& + 𝑅,,& − 𝑃 = 0

−
𝐿
2
𝑅$,& +

𝐿
2
𝑅,,& = 0

v Solving the equation system:

6
𝑅#,% + 𝑅(,% − 𝑃 = 0

−
𝐿
2𝑅#,% +

𝐿
2𝑅(,% = 0

⇔ 6
𝑅#,% + 𝑅(,% − 𝑃 = 0
𝐿
2𝑅(,% =

𝐿
2𝑅#,%

⇔ ;
𝑅#,% + 𝑅(,% − 𝑃 = 0

𝑅(,% = 𝑅#,%
⇔ ;

2𝑅#,% = 𝑃
𝑅(,% = 𝑅#,%

⇔ 6 𝑅#,% =
𝑃
2

𝑅(,% = 𝑅#,%

⇔
𝑅#,% =

𝑃
2

𝑅(,% =
𝑃
2

How to solve a statics problem?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% 𝑅(,%

4𝐿 2 4𝐿 2
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v Let’s apply the FPS in 𝑪:
𝒯$→- + 𝒯,→- + 𝒯- = 0

⇒

0 0
𝑅$,& 0

0 −
𝐿
2
𝑅$,&

+

0 0
𝑅,,& 0

0
𝐿
2
𝑅,,&

+
0 0
−𝑃 0
0 0

= 0

⇔

0 + 0 + 0 = 0 0 + 0 + 0 = 0
𝑅$,& + 𝑅,,& − 𝑃 = 0 0 + 0 + 0 = 0

0 + 0 + 0 = 0 −
𝐿
2
𝑅$,& +

𝐿
2
𝑅,,& + 0 = 0

v Obtaining a system of equations from the
non zero components of the FPS torsor:

F
𝑅$,& + 𝑅,,& − 𝑃 = 0

−
𝐿
2
𝑅$,& +

𝐿
2
𝑅,,& = 0

v Solving the equation system:

6
𝑅#,% + 𝑅(,% − 𝑃 = 0

−
𝐿
2𝑅#,% +

𝐿
2𝑅(,% = 0

⇔ 6
𝑅#,% + 𝑅(,% − 𝑃 = 0
𝐿
2𝑅(,% =

𝐿
2𝑅#,%

⇔ ;
𝑅#,% + 𝑅(,% − 𝑃 = 0

𝑅(,% = 𝑅#,%
⇔ ;

2𝑅#,% = 𝑃
𝑅(,% = 𝑅#,%

⇔ 6 𝑅#,% =
𝑃
2

𝑅(,% = 𝑅#,%

⇔
𝑅#,% =

𝑃
2

𝑅(,% =
𝑃
2

How to solve a statics problem?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% 𝑅(,%

4𝐿 2 4𝐿 2

ÄCheck whether the result is physically consistent!
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Material cohesion and internal forces
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v The cohesion of the material must be
checked along the beam, that is, for every
point 𝑿(𝒙, 𝟎) with 𝑿 ∈ 𝟎; 𝑳 .

v A lack of cohesion will lead to failure.

Materials cohesion

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2+
𝑋 𝑥, 0

??

✂
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v The cohesion of the material must be
checked along the beam, that is, for every
point 𝑿(𝒙, 𝟎) with 𝑿 ∈ 𝟎; 𝑳 .

v A lack of cohesion will lead to failure.

v We make a virtual cut at 𝑿(𝒙, 𝟎).

Materials cohesion

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2+
𝑋 𝑥, 0

??

✂

↺𝒊�

𝒋

𝒌
𝐴

𝑅#,% =
𝑃
2

+ ??
𝑋 𝑥, 0
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v The cohesion of the material must be
checked along the beam, that is, for every
point 𝑿(𝒙, 𝟎) with 𝑿 ∈ 𝟎; 𝑳 .

v A lack of cohesion will lead to failure.

v We make a virtual cut at 𝑿(𝒙, 𝟎).

Materials cohesion

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2+
𝑋 𝑥, 0

??

✂

↺𝒊�

𝒋

𝒌
𝐴

𝑅#,% =
𝑃
2

+ ??
𝑋 𝑥, 0

v External loads acting on the beam at 𝑿:
o From the exterior acting on the left part: 𝒯01'2→3

o From the exterior acting on the right part: 𝒯01'2→4

✂

𝒊

𝒋

𝒌
(𝐿) (𝑅)

𝒯01'2→3 𝒯01'2→4
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v The cohesion of the material must be
checked along the beam, that is, for every
point 𝑿(𝒙, 𝟎) with 𝑿 ∈ 𝟎; 𝑳 .

v A lack of cohesion will lead to failure.

v We make a virtual cut at 𝑿(𝒙, 𝟎).

Materials cohesion

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2+
𝑋 𝑥, 0

??

✂

↺𝒊�

𝒋

𝒌
𝐴

𝑅#,% =
𝑃
2

+ ??
𝑋 𝑥, 0

v External loads acting on the beam at 𝑿:
o From the exterior acting on the left part: 𝒯01'2→3

o From the exterior acting on the right part: 𝒯01'2→4

v We are at the equilibrium:
𝒯01'2→3 + 𝒯01'2→4 = 0 ⇒ 𝒯01'2→3 = − 𝒯01'2→4

✂

𝒊

𝒋

𝒌
(𝐿) (𝑅)

𝒯01'2→3 𝒯01'2→4
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v The cohesion of the material must be
checked along the beam, that is, for every
point 𝑿(𝒙, 𝟎) with 𝑿 ∈ 𝟎; 𝑳 .

v A lack of cohesion will lead to failure.

v We make a virtual cut at 𝑿(𝒙, 𝟎).

Materials cohesion

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2+
𝑋 𝑥, 0

??

✂

↺𝒊�

𝒋

𝒌
𝐴

𝑅#,% =
𝑃
2

+ ??
𝑋 𝑥, 0

v External loads acting on the beam at 𝑿:
o From the exterior acting on the left part: 𝒯01'2→3

o From the exterior acting on the right part: 𝒯01'2→4

v We are at the equilibrium:
𝒯01'2→3 + 𝒯01'2→4 = 0 ⇒ 𝒯01'2→3 = − 𝒯01'2→4

v We cut and isolate the left part (𝑳), which is also
in equilibrium.

𝒯0252→3 = 𝒯01'2→3 + 𝒯04→3 = 0
⇔ 𝒯04→3 = − 𝒯01'2→3 = 𝒯01'2→4 = 𝒯0657

✂

𝒊

𝒋

𝒌
(𝐿) (𝑅)

𝒯01'2→3 𝒯01'2→4 𝒯01'2→3

(𝐿)
(𝑅)

𝒯04→3

Ä 𝒯04→3 is the cohesion tensor.
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Cohesion torsor

𝒯&'() =
𝑁& 𝑇&
𝑆&,$ 𝐵&,$
𝑆&,% 𝐵&,%

Normal force

Shear force along 𝒋

Shear force along 𝒌

Torque

Bending moment about 𝒋

Bending moment about 𝒌

Ä 𝓣𝑿𝒄𝒐𝒉 contains all internal actions at section 𝑿: normal force, shear forces and 
internal moments 

ÄIt fully characterizes how the beam resists loads.
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v Tension/compression:

𝒯0
657,28962 =

𝑁0(> 0) 0
0 0
0 0

; 𝒯0
657,65:; =

𝑁0(< 0) 0
0 0
0 0

Simple loading modes

𝒊�

𝒋

𝒌

𝑁$ 𝑁$𝑁$ 𝑁$
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v Tension/compression:

𝒯0
657,28962 =

𝑁0(> 0) 0
0 0
0 0

; 𝒯0
657,65:; =

𝑁0(< 0) 0
0 0
0 0

v Pure shear:

𝒯0657 =
0 0
𝑆0,& 0
0 0

Simple loading modes

𝒊�

𝒋

𝒌

𝑁$ 𝑁$𝑁$ 𝑁$

𝑆$,&

𝑆$,&
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v Tension/compression:

𝒯0
657,28962 =

𝑁0(> 0) 0
0 0
0 0

; 𝒯0
657,65:; =

𝑁0(< 0) 0
0 0
0 0

v Pure shear:

𝒯0657 =
0 0
𝑆0,& 0
0 0

v Torsion:
𝒯0657 =

0 𝑇0
0 0
0 0

Simple loading modes

𝒊�

𝒋

𝒌

𝑁$ 𝑁$𝑁$ 𝑁$

𝑆$,&

𝑆$,&

𝑇$ 𝑇$
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v Tension/compression:

𝒯0
657,28962 =

𝑁0(> 0) 0
0 0
0 0

; 𝒯0
657,65:; =

𝑁0(< 0) 0
0 0
0 0

v Pure shear:

𝒯0657 =
0 0
𝑆0,& 0
0 0

v Torsion:
𝒯0657 =

0 𝑇0
0 0
0 0

v Pure bending:

𝒯0657 =
0 0
0 0
0 𝐵0,*

Simple loading modes

𝒊�

𝒋

𝒌

𝑁$ 𝑁$𝑁$ 𝑁$

𝑆$,&

𝑆$,&

𝑇$ 𝑇$

↻𝐵$,' 𝐵$,'
↺
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+
𝑋 𝑥, 0

??

v Let’s transform the torsor into cohesion torsor:

𝒯# =
0 0

𝑅#,% =
𝑃
2 0

0 0

⇒ 𝒯#)*+ =
0 0

−𝑅#,% 0
0 0

How to to obtain the cohesion torsor?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2✂
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+
𝑋 𝑥, 0

??

v Let’s transform the torsor into cohesion torsor:

𝒯# =
0 0

𝑅#,% =
𝑃
2 0

0 0

⇒ 𝒯#)*+ =
0 0

−𝑅#,% 0
0 0

v We transport the torsor from 𝑨 to 𝑿 ∈ 𝑨; 𝑪 :
⇒ 𝒯#→-)*+ =

𝑹𝑿 = 𝑹𝑨 = −𝑅#,%𝒋
𝑴𝑿 = 𝑴𝑨 + 𝑿𝑨×𝑹𝑨

⇒ 𝒯#→-)*+ =
0 0

−𝑅#,% 0
0 𝑅#,%𝑥

How to to obtain the cohesion torsor?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2✂
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+
𝑋 𝑥, 0

??

v Let’s transform the torsor into cohesion torsor:

𝒯# =
0 0

𝑅#,% =
𝑃
2 0

0 0

⇒ 𝒯#)*+ =
0 0

−𝑅#,% 0
0 0

v We transport the torsor from 𝑨 to 𝑿 ∈ 𝑨; 𝑪 :
⇒ 𝒯#→-)*+ =

𝑹𝑿 = 𝑹𝑨 = −𝑅#,%𝒋
𝑴𝑿 = 𝑴𝑨 + 𝑿𝑨×𝑹𝑨

⇒ 𝒯#→-)*+ =
0 0

−𝑅#,% 0
0 𝑅#,%𝑥

How to to obtain the cohesion torsor?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2✂

Ä
d,!,#
d𝑥 = −𝑆0,&
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+
𝑋 𝑥, 0

??

v Let’s transform the torsor into cohesion torsor:

𝒯# =
0 0

𝑅#,% =
𝑃
2 0

0 0

⇒ 𝒯#)*+ =
0 0

−𝑅#,% 0
0 0

v We transport the torsor from 𝑨 to 𝑿 ∈ 𝑨; 𝑪 :
⇒ 𝒯#→-)*+ =

𝑹𝑿 = 𝑹𝑨 = −𝑅#,%𝒋
𝑴𝑿 = 𝑴𝑨 + 𝑿𝑨×𝑹𝑨

⇒ 𝒯#→-)*+ =
0 0

−𝑅#,% 0
0 𝑅#,%𝑥

v We express the torsor at point 𝐶(3
+
, 0) subjected to

the external force −𝑃𝒋:

𝒯0)*+ =
0 0

−𝑅#,% 0
0 𝑅#,%𝑥 0

+
0 0
𝑃 0
0 0

⇒ 𝒯0)*+ =

0 0

−
𝑃
2 0

0
𝑃
2
×
𝐿
2

+
0 0
𝑃 0
0 0

=

0 0
𝑃
2 0

0
𝑃𝐿
4

How to to obtain the cohesion torsor?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2✂

Ä
d,!,#
d𝑥 = −𝑆0,&

External action −𝑃𝒋; internal
reaction +𝑃𝒋

⇒Newton’s 3rd law

+
𝑋′ 𝑥′, 0

??

✂
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+
𝑋 𝑥, 0

??

v Let’s transform the torsor into cohesion torsor:

𝒯# =
0 0

𝑅#,% =
𝑃
2 0

0 0

⇒ 𝒯#)*+ =
0 0

−𝑅#,% 0
0 0

v We transport the torsor from 𝑨 to 𝑿 ∈ 𝑨; 𝑪 :
⇒ 𝒯#→-)*+ =

𝑹𝑿 = 𝑹𝑨 = −𝑅#,%𝒋
𝑴𝑿 = 𝑴𝑨 + 𝑿𝑨×𝑹𝑨

⇒ 𝒯#→-)*+ =
0 0

−𝑅#,% 0
0 𝑅#,%𝑥

v We express the torsor at point 𝐶(3
+
, 0) subjected to

the external force −𝑃𝒋:

𝒯0)*+ =
0 0

−𝑅#,% 0
0 𝑅#,%𝑥 0

+
0 0
𝑃 0
0 0

⇒ 𝒯0)*+ =

0 0

−
𝑃
2 0

0
𝑃
2
×
𝐿
2

+
0 0
𝑃 0
0 0

=

0 0
𝑃
2 0

0
𝑃𝐿
4

v We transport the torsor from 𝑪 to 𝑿′ ∈ 𝑪;𝑩 :

⇒ 𝒯0→-!
)*+ =

𝑹𝑿! =
𝑃
2
𝒋

𝑴𝑿! =
𝑃𝐿
4 𝒌 +

𝐿
2 − 𝑥′ 𝒊×

𝑃
2 𝒋

=

0 0
𝑃
2

0

0
𝑃
2 𝐿 − 𝑥′

How to to obtain the cohesion torsor?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2✂

Ä
d,!,#
d𝑥 = −𝑆0,&

External action −𝑃𝒋; internal
reaction +𝑃𝒋

⇒Newton’s 3rd law

+
𝑋′ 𝑥′, 0

??

✂
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+
𝑋 𝑥, 0

??

v Let’s transform the torsor into cohesion torsor:

𝒯# =
0 0

𝑅#,% =
𝑃
2 0

0 0

⇒ 𝒯#)*+ =
0 0

−𝑅#,% 0
0 0

v We transport the torsor from 𝑨 to 𝑿 ∈ 𝑨; 𝑪 :
⇒ 𝒯#→-)*+ =

𝑹𝑿 = 𝑹𝑨 = −𝑅#,%𝒋
𝑴𝑿 = 𝑴𝑨 + 𝑿𝑨×𝑹𝑨

⇒ 𝒯#→-)*+ =
0 0

−𝑅#,% 0
0 𝑅#,%𝑥

v We express the torsor at point 𝐶(3
+
, 0) subjected to

the external force −𝑃𝒋:

𝒯0)*+ =
0 0

−𝑅#,% 0
0 𝑅#,%𝑥 0

+
0 0
𝑃 0
0 0

⇒ 𝒯0)*+ =

0 0

−
𝑃
2 0

0
𝑃
2
×
𝐿
2

+
0 0
𝑃 0
0 0

=

0 0
𝑃
2 0

0
𝑃𝐿
4

v We transport the torsor from 𝑪 to 𝑿′ ∈ 𝑪;𝑩 :

⇒ 𝒯0→-!
)*+ =

𝑹𝑿! =
𝑃
2
𝒋

𝑴𝑿! =
𝑃𝐿
4 𝒌 +

𝐿
2 − 𝑥′ 𝒊×

𝑃
2 𝒋

=

0 0
𝑃
2

0

0
𝑃
2 𝐿 − 𝑥′

v And the torsor in 𝐵(𝐿; 0):

𝒯()*+ =
0 0
𝑃
2 0
0 0

How to to obtain the cohesion torsor?

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2✂

Ä
d,!,#
d𝑥 = −𝑆0,&

External action −𝑃𝒋; internal
reaction +𝑃𝒋

⇒Newton’s 3rd law

+
𝑋′ 𝑥′, 0

??

✂
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+
𝑋 𝑥, 0

??

v Let’s transform the torsor into cohesion torsor:

𝒯# =
0 0

𝑅#,% =
𝑃
2 0

0 0

⇒ 𝒯#)*+ =
0 0

−𝑅#,% 0
0 0

v We transport the torsor from 𝑨 to 𝑿 ∈ 𝑨; 𝑪 :
⇒ 𝒯#→-)*+ =

𝑹𝑿 = 𝑹𝑨 = −𝑅#,%𝒋
𝑴𝑿 = 𝑴𝑨 + 𝑿𝑨×𝑹𝑨

⇒ 𝒯#→-)*+ =
0 0

−𝑅#,% 0
0 𝑅#,%𝑥

v We express the torsor at point 𝐶(3
+
, 0) subjected to

the external force −𝑃𝒋:

𝒯0)*+ =
0 0

−𝑅#,% 0
0 𝑅#,%𝑥 0

+
0 0
𝑃 0
0 0

⇒ 𝒯0)*+ =

0 0

−
𝑃
2 0

0
𝑃
2
×
𝐿
2

+
0 0
𝑃 0
0 0

=

0 0
𝑃
2 0

0
𝑃𝐿
4

v We transport the torsor from 𝑪 to 𝑿′ ∈ 𝑪;𝑩 :

⇒ 𝒯0→-!
)*+ =

𝑹𝑿! =
𝑃
2
𝒋

𝑴𝑿! =
𝑃𝐿
4 𝒌 +

𝐿
2 − 𝑥′ 𝒊×

𝑃
2 𝒋

=

0 0
𝑃
2

0

0
𝑃
2 𝐿 − 𝑥′

v And the torsor in 𝐵(𝐿; 0):

𝒯()*+ =
0 0
𝑃
2 0
0 0

How to to obtain the cohesion torsor?

Ä 𝒯,657 = 𝒯,

𝒊�

𝒋

𝒌
𝐴 𝐵

𝐶

𝑃
𝑅#,% =

𝑃
2

𝑃
2
= 𝑅(,%

4𝐿 2 4𝐿 2✂

Ä
d,!,#
d𝑥 = −𝑆0,&

External action −𝑃𝒋; internal
reaction +𝑃𝒋

⇒Newton’s 3rd law

+
𝑋′ 𝑥′, 0

??

✂
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Evolution of of non-zero internal loads 

Cohesion torsors:
𝑋 ∈ 𝐴; 𝐶 at 𝐶 𝑋 ∈ 𝐶; 𝐵 at 𝐵

𝒯#;0
)*+ =

0 0
− 2
3

0
0 𝑅#,%𝑥

𝒯0)*+ =

0 0
2
3 0

0 2"
4

𝒯0;(
)*+ =

0 0
2
3 0

0 2
3 𝐿 − 𝑥

𝒯()*+ =
0 0
2
3 0
0 0
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vDiagram of shear force along 𝒋

Evolution of of non-zero internal loads 

Cohesion torsors:
𝑋 ∈ 𝐴; 𝐶 at 𝐶 𝑋 ∈ 𝐶; 𝐵 at 𝐵

𝒯#;0
)*+ =

0 0
− 2
3

0
0 𝑅#,%𝑥

𝒯0)*+ =

0 0
2
3 0

0 2"
4

𝒯0;(
)*+ =

0 0
2
3 0

0 2
3 𝐿 − 𝑥

𝒯()*+ =
0 0
2
3 0
0 0

𝑆$,&

𝑥+𝐴
𝐵
+𝐶

− A𝑃 2

−

+
A𝑃 2
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vDiagram of shear force along 𝒋 vDiagram of bending moment about 𝒌

Evolution of of non-zero internal loads 

Cohesion torsors:
𝑋 ∈ 𝐴; 𝐶 at 𝐶 𝑋 ∈ 𝐶; 𝐵 at 𝐵

𝒯#;0
)*+ =

0 0
− 2
3

0
0 𝑅#,%𝑥

𝒯0)*+ =

0 0
2
3 0

0 2"
4

𝒯0;(
)*+ =

0 0
2
3 0

0 2
3 𝐿 − 𝑥

𝒯()*+ =
0 0
2
3 0
0 0

𝑆$,&

𝑥+𝐴
𝐵
+𝐶

− A𝑃 2

−

+
A𝑃 2

𝐵$,'

𝑥+𝐴
𝐵
+𝐶

+
A𝑃𝐿
4
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vDiagram of shear force along 𝒋 vDiagram of bending moment about 𝒌

Evolution of of non-zero internal loads 

Cohesion torsors:
𝑋 ∈ 𝐴; 𝐶 at 𝐶 𝑋 ∈ 𝐶; 𝐵 at 𝐵

𝒯#;0
)*+ =

0 0
− 2
3

0
0 𝑅#,%𝑥

𝒯0)*+ =

0 0
2
3 0

0 2"
4

𝒯0;(
)*+ =

0 0
2
3 0

0 2
3 𝐿 − 𝑥

𝒯()*+ =
0 0
2
3 0
0 0

𝑆$,&

𝑥+𝐴
𝐵
+𝐶

− A𝑃 2

−

+
A𝑃 2

𝐵$,'

𝑥+𝐴
𝐵
+𝐶

+
A𝑃𝐿
4

Ä Large variations of internal loads show where the beam is working the most.
ÄThese locations are typically the most critical and the most likely to fail.
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v In biology:
o The set of responses produced by an

organism when subjected to pressures
from its environment.

o These responses always depend on how
the individual perceives the pressures it
experiences.

What is stress?
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from its environment.

o These responses always depend on how
the individual perceives the pressures it
experiences.
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o The main sources of stress:
Money: 76%; Work: 70%; Family: 58%; 
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v In biology:
o The set of responses produced by an

organism when subjected to pressures
from its environment.

o These responses always depend on how
the individual perceives the pressures it
experiences.

o The effects of stress on the human body:

o The main sources of stress:
Money: 76%; Work: 70%; Family: 58%; 

Exams: 0%
o The main strategies for reducing stress:

Laughter; breathing; exercise; acceptance…

v In materials science:
o The set of responses produced by a part

when it is subjected to loads from its
environment.

o These responses always depend on the
material that makes up the specimen and
on its shape.

What is stress?
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v In biology:
o The set of responses produced by an

organism when subjected to pressures
from its environment.

o These responses always depend on how
the individual perceives the pressures it
experiences.

o The effects of stress on the human body:

o The main sources of stress:
Money: 76%; Work: 70%; Family: 58%; 

Exams: 0%
o The main strategies for reducing stress:

Laughter; breathing; exercise; acceptance…

v In materials science:
o The set of responses produced by a part

when it is subjected to loads from its
environment.

o These responses always depend on the
material that makes up the specimen and
on its shape.

o The effects of stress on the specimen:

o The main sources of stress:
Force; moments

What is stress?
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v In biology:
o The set of responses produced by an

organism when subjected to pressures
from its environment.

o These responses always depend on how
the individual perceives the pressures it
experiences.

o The effects of stress on the human body:

o The main sources of stress:
Money: 76%; Work: 70%; Family: 58%; 

Exams: 0%
o The main strategies for reducing stress:

Laughter; breathing; exercise; acceptance…

v In materials science:
o The set of responses produced by a part

when it is subjected to loads from its
environment.

o These responses always depend on the
material that makes up the specimen and
on its shape.

o The effects of stress on the specimen:

o The main sources of stress:
Force; moments

o The main strategies for reducing stress:
Reducing load; geometry optimization; 

stronger materials; better surface finish…

What is stress?
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v In biology:
o The set of responses produced by an

organism when subjected to pressures
from its environment.

o These responses always depend on how
the individual perceives the pressures it
experiences.

o The effects of stress on the human body:

o The main sources of stress:
Money: 76%; Work: 70%; Family: 58%; 

Exams: 0%
o The main strategies for reducing stress:

Laughter; breathing; exercise; acceptance…

v In materials science:
o The set of responses produced by a part

when it is subjected to loads from its
environment.

o These responses always depend on the
material that makes up the specimen and
on its shape.

o The effects of stress on the specimen:

o The main sources of stress:
Force; moments

o The main strategies for reducing stress:
Reducing load; geometry optimization; 

stronger materials; better surface finish…

What is stress?

Ä Stress is the response to pressure, in organisms as in materials. 
ÄIt is not a measurement!
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How to use the stress? 
⇒Designing structures

vThis chair can support a mass of 200 kg.
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vThis chair can support a mass of 200 kg.

vWhat about now?
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vWe will apply a safety factor 𝒔:
𝜎()*+ < 𝜎*++,-*.+) =

𝜎+/0/1
𝑠
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How to use the stress? 
⇒Designing structures

vThis chair can support a mass of 200 kg.

vWhat about now?

⇒We will design the chair so that it can withstand a load of 10 tons.

vWe will apply a safety factor 𝒔:
𝜎()*+ < 𝜎*++,-*.+) =

𝜎+/0/1
𝑠

Ä Design must use the allowable stress to avoid any unpextec failure.
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vWhat happens locally?
o 𝑀 is a point on the surface (𝑆).
o d𝑆 is an infinitesimally small

surface around 𝑀.
o 𝒏 is the normal to d𝑆.
o d𝑭 is the forces acting on the

surface d𝑆.

The stress vector

(𝑆)

(d𝑆)
𝑀

d𝑭

𝒏
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vWhat happens locally?
o 𝑀 is a point on the surface (𝑆).
o d𝑆 is an infinitesimally small

surface around 𝑀.
o 𝒏 is the normal to d𝑆.
o d𝑭 is the forces acting on the

surface d𝑆.

vSurface density of the forces
applied on d𝑺 with normal 𝒏 ,
𝝓 𝑴,𝒏 :

𝝓 𝑀,𝒏 = lim
Δ𝑆→G

𝚫𝑭
Δ𝑆

=
d𝑭
d𝑆

(unit: 1 Pa = 1 N∙m−2)

The stress vector

(𝑆)

(d𝑆)
𝑀

d𝑭

𝒏
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vWhat happens locally?
o 𝑀 is a point on the surface (𝑆).
o d𝑆 is an infinitesimally small

surface around 𝑀.
o 𝒏 is the normal to d𝑆.
o d𝑭 is the forces acting on the

surface d𝑆.

vSurface density of the forces
applied on d𝑺 with normal 𝒏 ,
𝝓 𝑴,𝒏 :

𝝓 𝑀,𝒏 = lim
Δ𝑆→G

𝚫𝑭
Δ𝑆

=
d𝑭
d𝑆

(unit: 1 Pa = 1 N∙m−2)

vNormal and shear stresses:

𝝓 𝑀,𝒏 = 𝜎𝒏 + 𝜏𝒕
o 𝜎: normal stress
o 𝜏: shear stress

The stress vector

(𝑆)

(d𝑆)
𝑀

d𝑭

𝒏 𝑀

𝝓

𝒏
𝜎

𝜏

𝒕
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vWhat happens locally?
o 𝑀 is a point on the surface (𝑆).
o d𝑆 is an infinitesimally small

surface around 𝑀.
o 𝒏 is the normal to d𝑆.
o d𝑭 is the forces acting on the

surface d𝑆.

vSurface density of the forces
applied on d𝑺 with normal 𝒏 ,
𝝓 𝑴,𝒏 :

𝝓 𝑀,𝒏 = lim
Δ𝑆→G

𝚫𝑭
Δ𝑆

=
d𝑭
d𝑆

(unit: 1 Pa = 1 N∙m−2)

vNormal and shear stresses:

𝝓 𝑀,𝒏 = 𝜎𝒏 + 𝜏𝒕
o 𝜎: normal stress
o 𝜏: shear stress

v In the 𝑴, 𝒊, 𝒋, 𝒌 basis:

𝝓 𝑀,𝒏 = 𝒊 = 𝜎00𝒊 + 𝜎0Q𝒋 + 𝜎0R𝒌

𝜎56: Stress on the face whose normal is 𝒊 in direction 𝒋.

The stress vector

(𝑆)

(d𝑆)
𝑀

d𝑭

𝒏 𝑀

𝝓

𝒏
𝜎

𝜏

𝒕

𝑀

𝝓

𝒊
𝒋

𝒌 𝜎""

𝜎"#
𝜎"$
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Relationship between 𝝓 and the internal forces

v Cohesion torsor in 𝑴:
𝒯7)*+ = 𝑹𝑴 = d𝑭

𝑴𝑴 = 𝟎

(𝑆)

𝐺

d𝑭

𝑀

d𝑭
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Relationship between 𝝓 and the internal forces

v Cohesion torsor in 𝑴:
𝒯7)*+ = 𝑹𝑴 = d𝑭

𝑴𝑴 = 𝟎

v Let’s transport this torsor into 𝑮 near 𝑴:

d𝒯B657 = d𝑹𝑮 = 𝑹𝑴 = d𝑭
d𝑴𝑮 = 𝟎 + 𝑮𝑴×𝑹𝑴

= d𝑹𝑮 = d𝑭
d𝑴𝑴 = 𝑮𝑴×d𝑭

(𝑆)

𝐺

d𝑭

𝑀

d𝑭
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Relationship between 𝝓 and the internal forces

v Cohesion torsor in 𝑴:
𝒯7)*+ = 𝑹𝑴 = d𝑭

𝑴𝑴 = 𝟎

v Let’s transport this torsor into 𝑮 near 𝑴:

d𝒯B657 = d𝑹𝑮 = 𝑹𝑴 = d𝑭
d𝑴𝑮 = 𝟎 + 𝑮𝑴×𝑹𝑴

= d𝑹𝑮 = d𝑭
d𝑴𝑴 = 𝑮𝑴×d𝑭

BUT 𝝓 𝑀,𝒏 = d𝑭
d𝑆 ⇒ d𝑭 = 𝝓 𝑀,𝒏 d𝑆

⇒ d𝒯B657 = d𝑹𝑮 = 𝝓 𝑀,𝒏 d𝑆
d𝑴𝑮 = 𝑮𝑴×𝝓 𝑀,𝒏 d𝑆

(𝑆)

𝐺

d𝑭

𝑀

d𝑭
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Relationship between 𝝓 and the internal forces

v Cohesion torsor in 𝑴:
𝒯7)*+ = 𝑹𝑴 = d𝑭

𝑴𝑴 = 𝟎

v Let’s transport this torsor into 𝑮 near 𝑴:

d𝒯B657 = d𝑹𝑮 = 𝑹𝑴 = d𝑭
d𝑴𝑮 = 𝟎 + 𝑮𝑴×𝑹𝑴

= d𝑹𝑮 = d𝑭
d𝑴𝑴 = 𝑮𝑴×d𝑭

BUT 𝝓 𝑀,𝒏 = d𝑭
d𝑆 ⇒ d𝑭 = 𝝓 𝑀,𝒏 d𝑆

⇒ d𝒯B657 = d𝑹𝑮 = 𝝓 𝑀,𝒏 d𝑆
d𝑴𝑮 = 𝑮𝑴×𝝓 𝑀,𝒏 d𝑆

BUT 𝝓 𝑀,𝒏 = 𝒊 = 𝜎&&𝒊 + 𝜎&'𝒋 + 𝜎&(𝒌 AND 𝑮𝑴 = 𝑥𝒊 + 𝑦𝒋 + 𝑧𝒌

v After integration over (𝑆):

𝒯9)*+ =

𝑹𝑮 =Y 𝜎&&𝒊 + 𝜎&%𝒋 + 𝜎&'𝒌 d𝑆

𝑴𝑮 =Y𝑮𝑴× 𝜎&&𝒊 + 𝜎&%𝒋 + 𝜎&'𝒌 d𝑆
=

𝑁9 =Y𝜎&&d𝑆 𝑇9 =Y 𝑦𝜎&' − 𝑧𝜎&% d𝑆

𝑆9,% =Y𝜎&%d𝑆 𝐵9,% =Y 𝑧𝜎&' − 𝑥𝜎&' d𝑆

𝑆9,' =Y𝜎&'d𝑆 𝐵9,' =Y 𝑥𝜎&% − 𝑦𝜎&& d𝑆

(𝑆)

𝐺

d𝑭

𝑀

d𝑭
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Relationship between 𝝓 and the internal forces

v Cohesion torsor in 𝑴:
𝒯7)*+ = 𝑹𝑴 = d𝑭

𝑴𝑴 = 𝟎

v Let’s transport this torsor into 𝑮 near 𝑴:

d𝒯B657 = d𝑹𝑮 = 𝑹𝑴 = d𝑭
d𝑴𝑮 = 𝟎 + 𝑮𝑴×𝑹𝑴

= d𝑹𝑮 = d𝑭
d𝑴𝑴 = 𝑮𝑴×d𝑭

BUT 𝝓 𝑀,𝒏 = d𝑭
d𝑆 ⇒ d𝑭 = 𝝓 𝑀,𝒏 d𝑆

⇒ d𝒯B657 = d𝑹𝑮 = 𝝓 𝑀,𝒏 d𝑆
d𝑴𝑮 = 𝑮𝑴×𝝓 𝑀,𝒏 d𝑆

BUT 𝝓 𝑀,𝒏 = 𝒊 = 𝜎&&𝒊 + 𝜎&'𝒋 + 𝜎&(𝒌 AND 𝑮𝑴 = 𝑥𝒊 + 𝑦𝒋 + 𝑧𝒌

v After integration over (𝑆):

𝒯9)*+ =

𝑹𝑮 =Y 𝜎&&𝒊 + 𝜎&%𝒋 + 𝜎&'𝒌 d𝑆

𝑴𝑮 =Y𝑮𝑴× 𝜎&&𝒊 + 𝜎&%𝒋 + 𝜎&'𝒌 d𝑆
=

𝑁9 =Y𝜎&&d𝑆 𝑇9 =Y 𝑦𝜎&' − 𝑧𝜎&% d𝑆

𝑆9,% =Y𝜎&%d𝑆 𝐵9,% =Y 𝑧𝜎&' − 𝑥𝜎&' d𝑆

𝑆9,' =Y𝜎&'d𝑆 𝐵9,' =Y 𝑥𝜎&% − 𝑦𝜎&& d𝑆

(𝑆)

𝐺

d𝑭

𝑀

d𝑭

Ä Very complex. Additional assumptions are needed about how stresses are distributed over (𝑆).
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Thanks for your listening!

If you need further information:

Prof. Antoine GUITTON
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Phone (LEM3): +33 372 747 826
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mailto:antoine.guitton@univ-lorraine.fr
mailto:antoine.guitton@univ-lorraine.fr
mailto:antoine.guitton@univ-lorraine.fr
http://www.antoine-guitton.fr/
http://www.antoine-guitton.fr/
http://www.antoine-guitton.fr/

