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LECTURER/STUDENTS OBJECTIVES

= Present a formulation to link statics (equilibrium) and kinematics
(displacements).

%" Understand of the principle and use it for the calculation of displacements
and rotations of beams under different loading and boundary conditions.
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INTRODUCTION
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The theorem of virtual work is one of the fundamental pillars of Structural
Mechanics. The first ideas on the theorem date to Aristotle. At the end 18th
Century, Lagrange published a complete theory on the topic.

In a writing of 1921 G. Colonnetti states:

With the principle of virtual we are facing a general expression of equilibrium laws, thus, the most general

form of the equilibrium laws.
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SYSTEMS OF FORCES AND DISPLACEMENTS

For the application of the theorem of virtual work, two independent systems a
and b are defined:

« a: equilibrated system done by the external forces (loads and support
reactions) and internal forces (normal and shear forces, bending moment),
i.e., a system that respects the static equation of equilibrium

« b: kinematically admissible system of displacements and strains, i.e., a
system that respects the kinematic equations and the conditions of the
supports
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EQUILIBRATED SYSTEM

Equilibrated system a: Deformed config. Original config.
T+dT N+dN
dNe(2) q \
o = o e N/
IFCI. N
dz
dN(I;Z(Z) T M+dM
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KINEMATICALLY ADMISSIBLE SYSTEM

Kinematically admissible
system b:

Deformed config. Original config.

dwy(2) w . w+dw
Wp(z

en(2) = —
dvp(z

M(2) = dLZ()-HPb(Z) Vv
dyy(z

Xb(2) = %

where ,(2) = €5 5(2) y
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VIRTUAL WORK
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EXTERNAL WORK (1/2)
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EXTERNAL WORK (2/2)

The external virtual work is given by:

« the loads along the beam (for an element of length dz):
« dLp = (pdz) w = pwdz
« dLq = (qdz) v = qvdz

« the forces at the ends:

e Z=0:
* Ly, = —No Wo
s L1, =—ToVo
* Luy = —Mo o
e z=1
o ,CNL:NLWL
o £TL:TLVL
* Lu, =Moo
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DEFORMABLE BODIES (1/5)

Theorem of virtual work (for deformable bodies)

The necessary and sufficient condition for the equilibrium of a supported body
(no friction at the supports) is that the sum of the virtual works of the applied
forces (external work) has to be equal to the sum of the works of the internal
forces (internal work) for all the possibile systems of virtual displacements, i.e.,
small displacements that are kinematically admissible with respect to the
supports and the structural integrity
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DEFORMABLE BODIES (2I5)

« External virtual work:
Lve = /OL(pa Wp + Ga Vp) dz+
+ (NaWp + TaVp +Ma @p) |1 + (=NaWp — Ta Vp — Ma p) o =
= /OL(PG Wp + Ga Vp) dZ + (Na Wp + Ta Vp + Ma ©p) |<L)
« Internal virtual work:
Ly = /OL(Na b + Ta¥p + Ma Xp) dz

- Equality of the external and internal virtual work:

Ev,‘ = £ve
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DEFORMABLE BODIES — PROOF (3/5)

The external work is:

L
gvez/ (PaWp + Ga Vp) dz + (Na Wy, + Ta Vp + Ma 9p) |6 =
(0]

L d
= / {(Pa Wp + Qa Vb)+d—z(Na Wp + Ta Vp + Ma p) | dz
o
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DEFORMABLE BODIES — PROOF (4/5)

Differentiating and simplifying:

L{/dN dr, dm
,Cve:/ ( a+Pa> Wb+<—a+Qa> Vb+<—a> wp| dz+
& dz dz d
| —_—

o o Ta

d dz d

€b Xb
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DEFORMABLE BODIES — PROOF (5/5)

Since the system a is in equilibrium and system b is kinematically admissible
(compatible):

L
Lve = / (Nagp + Tayp + Maxp) dz
o

that is equal to the expression previously defined for the internal virtual
work L,;.
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VIRTUAL WORK? (1/2)

+ The theorem of virtual work is valid if the system a is in equilibrium and the
system b is kinematically admissible. The two systems are independent.

« The system of displacements induced by the external loads a particular
system of virtual displacements. An infinite quantity of alternative systems
can be found.
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VIRTUAL WORK? (2/2)

« There are no hypotheses on the behavior of the material. The theorem is
valid for whichever constitutive law (linear elastic, plastic, viscous,
elasto-plastic...).

+ From the theorem of virtual work the following applications are possible:
- determine the displacements in elastic structures

« determine the support reactions in statically determinate structures
+ determine the support reactions in statically indeterminate structures
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RIGID BODIES
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If the body is rigid (¢, = 0, v, = 0 and x;, = 0 in any point) follows that £,; = 0
and, thus, Lye = 0O:

L
ﬁve:/ (pawb+qavb)d2+(NaWb+TaVb+Ma(Pb)|é:O
0

Thus on arigid body...
...the virtual work of all the forces acting on it is zero!
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Theorem of virtual work (for rigid bodies)

The necessary and sufficient condition for the equilibrium of a supported body
(no friction at the supports) is that the sum of the virtual works of the applied
forces has to be null for all the possible systems of virtual displacements, i.e.,
small displacements that are kinematically admissible with respect to the
supports and the structural integrity
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