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Preface

In the course ”Mechanica” in the first year, attention has been given to the mechanical be-
havior of trusses and beams. Deformations were always assumed to be small. The material
behavior was linearly elastic and described by a linear relation between stress and strain. Two
material parameters were relevant : Young’s modulus and Poisson’s ratio.

The course ”Modelleren van Mechanisch Materiaalgedrag” starts with the three-dimensional
deformation of a continuum. This deformation is described by six quantities : three elon-
gational strains and three shear strains. The deformation results in a stress state, which is
described by six stress components. A general three-dimensional material model relates the
six stresses to the six strains.

To simplify the discussion of various material models, attention is focused on the de-
formation of a truss, where only the axial stress is relevant. Because material behavior is
described by nonlinear relations between axial stress and axial strain and also because defor-
mations may be large, the equations, which describe the deformation are nonlinear. Solution
of these equations has to be done with an iterative procedure.

Three different material models will be discussed. First, elastic material behavior is con-
sidered, where elastic strains can be large, as is the case for rubber material. Then, attention
is focused on elastoplastic behavior, where deformation is permanent after unloading. Finally,
viscoelastic material behavior is discussed, which is time- and strain rate dependent.

After the introduction of the material models for elastic, elastoplastic and viscoelas-
tic behavior, these models are used in a finite element program to analyze the mechanical
behavior of simple truss structures.

Notation

In many cases it is useful to store scalar quantities or vectors in a column or a matrix. A
column with three scalars a1, a9, a3 and its transposed version are denoted as follows :

ay
a=| a ;o ad'=]a a a]
as

An example of a three-by-two matrix and its transposed version is

a2 ail a1 asi
. T _
A= | ax axn ; A —[ a1y Cm]
asy as2

First and second-order time derivatives of a function f = f(t) (¢ = time) are denoted as

-_df . --_d2f
f_a 9 f_ﬁ






Chapter 1

Introduction

1.1 One-dimensional structural elements

In the course ”Mechanica” in the first year, attention was focused on the deformation of
one-dimensional structural elements under tensile, bending and torsional loads as is shown in
the figure.

Internal and external loads must be in equilibrium. For statically determined structures
unknown loads can be determined from equilibrium equations. When internal loads are
known, the deformation of each element and thus the deformation of the structure as a
whole, can be determined. This can only be done when the material behavior of the elements
is known. For statically undetermined structures, the equilibrium equations cannot be solved
without taking the material behavior into account.

The element behavior is described by a local equilibrium equation, a differential equation
which can be solved with proper boundary conditions.

N
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~—C O

Fig. 1 : Structural elements

1.1.1 Tension

A truss with length L has a straight axis along the global x-axis. It is loaded by axial forces
Ny, N, and gp(z) per unit of length. The loads on a small part of length dx have to satisfy
the equilibrium equation.

For linear elastic material behavior, the Young’s modulus E relates the axial normal



stress ¢ to the axial strain €. The linear strain definition is used to relate £ to the axial
displacement u. The cross-sectional force N (z) can than be expressed in E, the cross-sectional

area A and the strain.

Assuming that F and A are uniform, the equilibrium equation results in a second-order

differential equation for wu.

N() an NL N(x) N(JZ + dac)
=== "
U A ur, dx
Fig. 2 : Local equilibrium for tension
dN
equilibrium equation yrs +q,=0 ; N-= /O'dA
d 8 d
material behavior c=Fe=F el N =FA au
dx 2 dx
differential equation (E, A uniform) EA d—;; +q,=0

1.1.2 Pure bending

A beam with length L has a straight axis along the global x-axis. It is loaded by bending
moments My, M, and ¢, (x) per unit of length. The loads on a small part of length dx have

to satisfy the equilibrium equation.

For linear elastic material behavior, the Young’s modulus E relates the axial normal
stress o to the axial strain €. The linear strain is related to the curvature, the derivative
of the rotation ¢. The cross-sectional moment M (x) can than be expressed in E, the cross-

sectional quadratic moment of inertia I and the curvature.

Assuming that E and I are uniform, the equilibrium equation results in a second-order
differential equation for ¢ or a third-order differential equation for the normal displacement

w.
Moy dm My, dm
X
(oo - (| 9
%o A oL dx
wo wy,

Fig. 3 : Local equilibrium for pure bending

equilibrium equation s +qm=0 ; M=-— /ay dA
T
A

material behavior c=FEe=F <—y @> — M=FEI

dx

M (x + dz)

)

dé
dx



d2¢ d¢  d*w

differential equation (E, I uniform) EI@ +q¢n=0 ; T = a2

1.1.3 Bending

A beam with length L has a straight axis along the global x-axis. It is loaded by bending
moments My, My, and g, (x) per unit of length and by shear loads Dy, Dy, and g,(x) per unit
of length. The loads on a small part of length dx have to satisfy two equilibrium equations,
which can be combined into one.

For linear elastic material behavior, the Young’s modulus E relates the axial normal
stress o to the axial strain €. The linear strain is related to the curvature, the derivative
of the rotation ¢. The cross-sectional moment M (x) can than be expressed in E, the cross-
sectional quadratic moment of inertia I and the curvature.

Assuming that E and I are uniform, the equilibrium equation results in a third-order
differential equation for ¢ or a fourth-order differential equation for the normal displacement
w.

Ay D(x) D(z + dx)
: M (x) M (x + dz)
Mo Do g, g Doy G
x
EmEben = (|| 9 |])
b0 A oL dx
wo wy,
Fig. 4 : Local equilibrium for bending
dM dD
equilibrium equations e +qgn+D=0 ; T 4+q,=0
M:—/UydA ; D:/TdA
A A
material behavior c=ke=F |-y a9 — M=FI ki
dx dx
d? dqm d
differential equation (E, I uniform) Eld—x(g + j—x —q =0 ; ﬁ =
dz_w
dx?

1.1.4 Torsion

A torsion bar with length L has a straight axis along the global z-axis. It is loaded by
torsional moments T, 77, and ¢(x) per unit of length. The loads on a small part of length
dx have to satisfy the equilibrium equation.

For linear elastic material behavior, the shear modulus G relates the shear stress 7 to the
shear strain . The shear strain is related to the derivative of the axial rotation #. The cross-
sectional moment T'(z) can than be expressed in G, the cross-sectional quadratic moment of



inertia K and the derivative of the axial rotation 6.
Assuming that G and K are uniform, the equilibrium equation results in a second-order
differential equation for 6.

T(x) T(x+ dx)

9() A 9 L dx

Fig. 5 : Local equilibrium for torsion

dar
equilibrium equation i +¢=0 ; T= /TT‘ dA
material behavior T=Gy=Gr ﬁ — T=GK d_H
dx 20 dz
differential equation (G, K uniform) GK ) +q¢:=0
x

1.2 Three-dimensional, large strain deformation

The equilibrium equations which describe tension, bending and torsion of a one-dimensional
bar or beam, can be solved analytically, when proper boundary conditions are specified. It
is however obvious that the considered cases are very simple and often not practical: 1)
deformations are infinitesimally small, 2) material behavior is linearly elastic, 3) material
and geometric parameters are uniform, 4) there is only one relevant degree of freedom and
one relevant load. In practice these limitations are almost never found. Most deformations
are of a three-dimensional nature, characterizd by more than one deformation variables and
loads. These deformations may be very large, eg. in the case of compliant materials and
during forming processes. Material behavior is then modelled with nonlinear relations between
stresses and strains.

In the next chapter, we will first consider three-dimensional deformation. It will become
clear that we may still find reasons to study material behavior and material models in the
one-dimensional case of a tensile bar.



Chapter 2

Three-dimensional deformation

2.1 Coordinate systems

To identify a point in a three-dimensional space, we need three independent coordinates.

Cartesian coordinates are distances along three perpendicular coordinate axes passing
through a fixed origin (O), which are generally indicated as x, y and z.

Cylindrical coordinates comprise two distances along two perpendicular coordinate axes
(r and z) passing through a fixed origin, and one angle 6 indicating the rotation of the r-axis
about the z-axis w.r.t. a fixed plane.

As the same spatial point can be identified uniquely by either {x,y, z} or {r, 6, z}, there
is a relation between the coordinates systems, which is easily verified to be as follows :

x =1 cos(f) ; y =7 sin(0) ; z=1z

r=+\/x2+y>? : f = arctan (%) : 2=z

z z
x x
1) Yy o) Yy
0
Ly -
r
Fig. 6 : Cartesian coordinate system Fig. 7 : Cylindrical coordinate system
Tolo oy s ] To[r 0 -]



2.2 Three-dimensional continuum

A material body consisting of a continuous set of material points, is called a continuum.
In the initial state, indicated by the time ty, the body is not subjected to any load and is
considered to be undeformed.

A material point P is identified with three Cartesian coordinates, stored in the column
X p. Tt is of course possible to use other (e.g. cylindrical) coordinates, when this is appropriate.

to

o
20

Xp=[z0 o 2]

Fig. 8 : Continuum body in undeformed state

2.3 Deformation of a three-dimensional continuum

When the continuum is loaded by volume and/or surface loads, it will deform. The deformed
state is indicated by the time t.

Material point P will get a new spatial position with new coordinates, stored in the
column zp. The displacement up is the difference between the current (or deformed) and
initial (or undeformed) coordinates. The time derivative of the displacement is the velocity
and the second time derivative the acceleration.

The deformation of the continuum is known when the displacement of each individual
point is determined. This displacement also includes rigid body movement, but only relative
displacements of material points are relevant for the deformation. This implies that deforma-
tion can only be defined locally by studying what happens to a small material volume at a
material point P.



Fig. 9 : Deformation of continuum body

initial position point P Xp= [ To Yo 20 ]T
current position point P Tp = [ T Yy z ]
displacement point P

up=zp-Xp=[(-20) G—w0) (z—2)] =[u v w]"
velocity point P up=[1u v W |

acceleration point P ip=[14 v w |

2.3.1 Local deformation

To characterize the deformation of the material in point P, we consider a small orthogonal
volume element at point P. After deformation the material points in this volume will occupy
a spatial volume which is not longer orthogonal (generally !). Because the material volume
was taken to be infinitesimal small, the new volume can be assumed to have straight sides
and planar faces. The total deformation is a combination of elongations of the sides and their
rotation.

Y Yy
dyo
P T T
- dZ()

Fig. 10 : General deformation of a small material volume



Elongation

To study the elongation in more detail we consider a cylindrical tensile bar, having initial
length [y, which is elongated axially in z-direction the become of a length [. The resulting
contraction implies that the cross-sectional area is reduced.

Two neighboring points P and @) are initially in the vertices of a small orthogonal volume,
which will deform due to axial elongation and cross-sectional contraction. The elongation or
stretch of its sides is characterized by three elongation factors or stretch ratios A;;, Ay, and
A... Because an elongation factor is the ratio of two lengths, it must always be positive.
When deformation results in a line element to become longer, the elongation factor is larger
than one. When it becomes shorter, its elongation factor is smaller than one.

dyo
Pio Q) = \Pi Q__x
dz

Fig. 11 : Elongation and contraction of a material volume element in a tensile bar

dx dy dz
/\:B:B = 5 ; Ayy = —— ; >\zz = 5

dxg vy dyo dzg
A>0 ; A< Vo oA>1

Shear

To study the rotation of line elements in more detail we consider a thin-walled tube with
cylindrical cross-section and its axis along the global z-axis. One end of the tube is fixed
while the other rotates about the z-axis. The rotation angle A¢ is small.

In a point P on the z-axis, an orthogonal material volume is considered before and after
deformation. T'wo sides of the initial volume are perpendicular. After deformation, the angle



between two sides, which are initially in - and y-direction, is #. The shear is defined as the
sine of the change of the angle. When rotations are small, this may be replaced by § — 0.
In point P the shear is indicated as 7., because the material line elements are initially
orientated in z- and y-direction. In point @) the rotation of the tube leads to the same shear,
which is however indicated by 7, ..
In a general three-dimensional deformation we would have three shears, which would
also have a different value.

\_ =

Fig. 12 : Shear of a small material volume element in the wall of a tube

VYzy = sin (% - ea:y) ; VYyz = sin (% - Hyz) ; Vzx = Sin (% - 62:{:)
Yyxr = Yoy ) Yzy = Vyz ) Yz = Vzx

Total deformation

The total deformation of a material volume is characterized by three stretch ratios and three
shears. These variables can be stored in a column U.

Y Yy
dyo
P T x
. - dZo

Fig. 13 : Total deformation is elongation and shear combined
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total deformation U= [ Aez Ayy Azz Yoy Vyr Vex ]T

2.3.2 Principal directions of deformation

In each point P there is exactly one orthogonal material volume, which will not show any
shear during deformation from ¢y to ¢t. Rigid rotation may occur, although this is not shown
in the figure.

The directions {1,2,3} of the sides of the initial orthogonal volume are called principal
directions of deformation and associated with them are the three principal elongation factors
A1, A9 and A3. For this material volume the three principal elongation factors characterize
the deformation uniquely. Be aware of the fact that the principal directions change when the
deformation proceeds. They are a function of the time .

The relative volume change J is the product of the three principal elongation factors.
For incompressible material there is no volume change, so the above product will have value
one.

to
to

2 t dsy 1
, b 2 i
//;1 \ d83
dso3 ds;
z O =z P / P
dSOl 3
3 /

Fig. 14 : Deformation of material cube with sides in principal directions

dSl d$2 d83
M=, =82 Ay = =28
YT dso ’ > dsog 57 dsos
Y12 =723 =731 =0
principal deformation U=[X X A3 0 00 }T

dVv dsidsadss
volume change dVy  dsg1dsgadsos i

if incompressible AAoA3 =1
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2.3.3 Strains in principal directions

It is common practice to describe elongational deformation of a material line element by a
strain e, which is a function of the elongation factor A : € = f(\). Several strain definitions
exist of which the linear, the logarithmic and the Green-Lagrange strain are the most used in
solid mechanics. As follows immediately from all definitions, the strain is zero when there is
no elongation and all strain definitions result in linear strain when elongation is very small :

fA=1)=0 ; lim f(A)=X—1

A—1

linear strains
E=[en en 0, 00 0] =[M—=1 d—1 X3—1 0 0 0]"

logarithmic strains

]T

A:[Qm €iny  Elns 0 00

= [I(\) (k) W) 0 0 0]"

Green-Lagrange strains

T T
E=[eg egp g 0 0 0] =[2(X -1 L(A3-1) i(Ai-1) 0 0 0]

2.3.4 Deformation and strain rate

Deformation takes place in the time interval 7 € [to, t], where t( indicates the initial state and
t the current state. For some materials the deformation rate is important for their behavior. It
can be determined by time-derivation of U. Also the strain rate can be determined accordingly
for the various strain definitions.

general deformation rate U

deformation rate in principal directions U ]

(M A A3 000

strain rates in principal directions

E=[h b s 00 0]
A= /M Aa/da Az/A3 0 0 0
E=[AM Al Ashg 0 0 0]

]T
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2.4 Stresses in a three-dimensional continuum

Deformation of the material will result in stresses, which, when too high, will cause damage.

Stresses cannot be measured directly. They can sometimes be determined by solving
equilibrium equations with proper boundary conditions. Mostly, however, they are deter-
mined from the strains, which can be measured in various ways. Of course the relation
between stresses and strains must then be known quantitatively. This relation is character-
istic for the material under the deformation circumstances and is called the material model.
The mathematical expressions for such a material model are also referred to as constitutive
equations.

First we will introduce stresses.

Fig. 15 : Deformation of continuum body under external load

Axial stress

To introduce stresses, we consider first the rather simple deformation of a tensile bar, which
is subjected to an axial load. The load N in a cross-section (area A in the deformed state) is
the integral of the axial stress o over A. For homogeneous material the stress is uniform in
the cross-section and is called the true or Cauchy stress. When it is assumed to be uniform
in the cross-section, it is the ratio of N and A. The engineering stress is the ratio of N and
the initial cross-sectional area Ay, which makes calculation easy, because A does not have to
be known. For small deformations it is obvious that A ~ Ay and thus that o = g,,.

The axial stress o is visualized as the stress on the faces of a stress cube in a material
point P. To indicate that the stress acts on the face with the normal in z-direction, the
indices ( )., are used.
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Fig. 16 : Stresses on a small material volume in a tensile bar

cross-sectional area (contraction !) Ay — A
axial tensile force N = / cdA=0cA
A
N
true or Cauchy stress 0= =0
. : N
engineering stress Op = —
Ag

Hydrostatic stress

A hydrostatic loading of the material body results in a hydrostatic stress state in each material
point P. This can again be indicated by stresses (either tensile or compressive) on a stress
cube. The three stress variables, with the same value, are normal to the faces of the stress
cube. They are indicated with different indices, which represent the normal direction of the
associated face.

For isotropic material, such a hydrostatic stress will result in a mere volume change
without a shape change.
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| Ogx = P
77 » Oyy =P
o 1 Ozz =P
L :
z / v
|
J‘/p Ogy = —P
Oyy = =P

N
=
|

i}

Fig. 17 : Stresses on a material volume under hydrostatic loading

Shear stress

The axial torsion of a thin-walled tube (radius R, wall thickness t) is the result of an axial
torsional moment (torque) 7. This load causes a shear stress 7 in the cross-sectional wall.
Although this shear stress has the same value in each point of the cross-section, the stress
cube looks differently in each point because of the circumferential direction of 7. In points
with y = 0 or z = 0, the stresses are denoted in such a way that the first index indicates the
direction of the shear stress and the second index indicates the normal direction (here x).
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T =04
T .
-
o T
Vo
< ......
T =0y
T=—0u
T /
-
A
: T
I R T = "0Oyz

Fig. 18 : Stresses on a small material volume in the wall of a tube under shear loading

T

shear stress in cross section T=——
2w R2t

2.4.1 Stress cube

A general three-dimensional deformation will result in a three-dimensional stress state in a
material point. Stresses can be indicated as stress vectors on the faces of a stress cube, which
has its sides in the direction of the coordinate axes. On each face of the stress cube there is one
normal stress and two shear stresses, indicated with proper indices. The 9 stress components
are stored in a stress matriz o. Equilibrium of moments will learn that the stress matrix is
symmetric. The 6 independent stress components can be stored in a stress column g.

Stress cube : Cartesian

In a Cartesian coordinate system the stress components are indicated with indices {x,y, z}.
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Oz

02z

Fig. 19 : Cartesian stress cube

Ozx Ozy Ozxz Ozx Oyxr Ozx
stress matrix O=| Oy Oyy Oy | = | Oy Oyy Ozy | = gT
Ozx Ozy Ozz Ozz Oyz Ozz
T
stress column o= [ Oze Oyy Ozz Ogy Oy Oz ]

Stress cube : cylindrical

When a cylindrical coordinate system is used, the stress components are indicated with indices
r, t (for #) and z. Also, instead of a stress cube a stress "wedge” is used.

Fig. 20 : Cylindrical stress cube
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Orr Ort Orgz Orr Otr Ogzp
stress matrix g = Ot Ot Oty = Ort Ot Ozt = QT
Ozr Ozt Ozz Orz Otz Ozz
T
stress column g= [ Opr Ot Ony Opt Oty Oap }

2.4.2 Principal stresses and directions

The general three-dimensional stress state is characterized by 6 independent stress compo-
nents, which can be stored in a stress matrix or a stress column, and can be visualized as
stresses on a stress cube.

In each point of the material there is one unique and special stress cube, which has on its
faces only normal stresses. It is called the principal stress cube and the three normal stresses
are the principal stresses. The axes {1,2,3} along the sides of the principal stress cube are
called the principal stress directions.

It can be demonstrated that the principal stresses are the eigenvalues of the global stress
matrix and the principal stress directions are the associated eigenvectors.

The stress state in a material point is characterized completely by the three principal
stresses.

to 9

011

z O =z / 73

Fig. 21 : Principal stress cube with principal stresses

01 0 0
principal stress matrix o= 0 o9 0
0 0 g3

. T
principal stress column [01 oo o3 0 0 0]

\Q
I



18

2.5 Material behavior

The relation between stress and strain depends mainly on the material characteristics, but
also on loading conditions and environmental circumstances. The current stress components
a(t) generally depend on the total history of stress, strain and strain rate. The relationship
has to be studied experimentally and written in mathematical form. The parameters in the
resulting material model must be determined by (sometimes sophisticated) experiments.

When the stress depends linearly of the strain, the 6 stress components are related to
the 6 strain components by a 6 x 6 material stiffness matrix C. Its inverse is the material
compliance matrix S.

Isotropic material behavior, where the relation between stress and strain is independent
of the direction in the material, is completely characterized by two material variables.

constitutive equations a(t)=f(a(r),e(r),é(r) | 7<)

=C'g=58¢

linear behavior c=C¢ —

e

isotropic linear material

A B B 0 0 0 [a b b 0 0 0
B A B 0 0 0 b ab 0 0 0
c_| B B A 0 0 0 g_|bba 0 0 0
=710 0 0 42 o 0 =710 0 0 2ab) 0 0
000 o0 48 o0 000 0 2ab 0
L0 0 0 O 0 458 ] (000 0 0  2(ab) |

2.5.1 Isotropic material behavior in principal directions

For isotropic material, the principal strain directions coincide with the principal stress direc-
tions. (Rigid body rotation is eliminated.) The three principal strains and strain rates are
related to the three principal stresses.

g
2 o9 1

\\ 1 ‘\ .

/s /s

Fig. 22 : Deformation in principal directions

03

o1(t) o1(7) e1(7) e1(r)
Q-(t) = 02(t) = f 0-2(7_) B 62(7_) ) éQ(T) | T S t
0'3(t) 0'3(7') 63(7') ég(T)
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2.5.2 One-dimensional material behavior

For a tensile bar there is only one non-zero principal stress o1 = o. The axial stress is a
history dependent function of the axial strain € and the axial strain rate €. For isotropic
material the contraction strains €5 and e3 are identical, both indicated as ¢4 and related to
the axial strain .

The axial loading of a tensile bar will reveal the most importatnt aspects of material
behavior and the material model, which describes it. Because only one stress variable is
involved, the mathematics of the model is rather simple. Moreover, for al kind of three-
dimensional material behavior, modelling is done in terms of equivalent variables, which are
scalar representations of three-dimensional strain and stress states.

2 g

\

/l\’)

!

/s /s

Fig. 23 : Deformation of a tensile bar
tensile bar = o9 =03 =0 ; o1 =0

one-dimensional material model o(t)=f(o(r),e(r),e(r) | 7<)



20



Chapter 3

Truss structures

A truss is a mechanical element whose dimension in one direction — the truss axis — is much
larger than the dimensions in each direction perpendicular to the axis. A truss structure is
an assembly of trusses, which are connected mutually and to the suroundings with hinges.
The truss can transfer only axial forces along its axis, so bending is not possible, and the axis
must be and remain straight.

In this chapter, we first consider small elongation and rotation of a truss. The material
behaves linearly elastic and the resulting equilibrium equation is linear.

Large elongations and rotations lead to a set of nonlinear equations. Moreover, the
material behavior is likely to be nonlinear as well. Solution of the set of equations must be
done iteratively.

3.1 Homogeneous truss

We consider a truss to be oriented with its axis along the global z-axis. Its undeformed length
is lg. The undeformed cross-sectional area has a uniform value Ag. It is assumed that the
material of the truss is isotropic and homogeneous.

Fig. 24 : Homogeneous truss

3.1.1 Elongation and contraction

In the deformed state the length of the truss is [ and its cross-sectional area is A. The
elongation is described by the axial elongation factor A\. The change in cross-sectional area is
described by the contraction p. It is assumed that the load, which provokes the deformation,
is such that the deformation is homogeneous. This means that A and p are the same in each
point of the truss. The volume change is described by the volume ratio J.

21
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Fig. 25 : Deformation of a homogeneous truss
I o+ Al Al
elongation factor A= =2 + =14+ —
lo lo lo
ntraction _ /A
contractio =/ "
[A
volume change J=— =)\
lvo

3.1.2 Stress

The deformation of the truss is caused by an external axial force N. In each cross-section
(x) of the truss, an internal axial force N(z) exists. With no volume load, the cross-sectional
load will be the same in each cross-section. If a volume load is applied, this is not the case,
but we will not consider such loading here.

The axial load is such that it causes only axial deformation and no bending. In the
absence of a volume load the deformation will be homogeneous.

Fig. 26 : Azial loading of a homogeneous truss
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N(z)=N

The cross-sectional force is the result of the axial cross-sectional stress. For a homogeneous
material with no volume loads, the stress is uniform over the cross-section. This leads to
the definition of true stress, being the axial force divided by the deformed (= real) cross-
sectional area. In many (engineering) applications the engineering or nominal stress is used,
defined as the ratio of the axial force and the undeformed cross-sectional area. True stress
and engineering stress, are related by the contraction u.

In literature a truss is sometimes called a tie when it carries a tensile force and a strut
when it is loaded in compression.

|

|
d
N\
=

\,
f =

Fig. 27 : Cross-sectional stress in an axially loaded homogeneous truss

axial stress o=o(y,z)
cross-sectional force N(z)=N = / o(y,z)dA
A
stress uniform in cross-section N = / cdA=0cA
A
true stress N
u o= —
A
. ) N
engineering stress Op = —
Ao
relation N_A N 1
| o= —=—— = —0
A A AO ,u2 "

3.2 Linear deformation

When the elongation of the truss is very small, the contraction is even smaller so that the
deformed cross-sectional area can be taken to be equal to the initial cross-sectional area.
Consequently there is no difference between the true stress and the engineering stress.
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3.2.1 Linear strain

Elongation is generally described by the strain €. For small elongation and rotation, the linear
strain is used. For the elongation, this strain is related to the elongation facor A and for the
contraction to the contraction u.

linear strain e=¢g=X—-1

contractive linear strain gg=pn—1

3.2.2 Linear elastic behavior

The linear elastic material behavior is characterized by two matarial constants: Young’s
modulus and Poisson’s ratio. Young’s modulus relates the axial stress to the axial strain.
Poisson’s ratio relates the contractive strain to the axial strain. For most materials Poisson’s
ratio is about 0.3. For small elongations this value is constant. For small deformation the
volume change factor J can be expressed in the linear strain. For incompressible material
1

J =1 implying v = 3.

axial stress ~ strain o= FEe
contraction strain e=A-1 — g=p—1=-ve=-v(A-1)
volume change J=(e+1D(-ve+1P2~e(l—-2v)+1

3.2.3 Equilibrium

We consider a truss with length [y and cross-sectional area Ay with its axis along the global
z-axis. One end (x = 0) is fixed and the other (x = ly) can be displaced in z-direction only.
The elongation of the truss equals this displacement w. The displacement is caused by an
external azial force f.. In the deformed state the length of the truss is [ = [y + uw and its
cross-sectional area is A. The material of the truss is homogeneous.

When the external axial force f. is prescribed, the elongation Al = u of the truss can
be determined by solving the equilibrium equation in point P, which states that the internal
force must be equal to the external force. The internal force f; is a function of the elongation,
a relation which is determined by the material behavior. It represents the resistance of the
truss against elongation.
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Fig. 28 : Fquilibrium of external and internal axial force

external force fe
internal force fi = fi(w)
equilibrium of point P filu) = fe

When the deformation (= elongation) is very small, there is virtually no difference between
the undeformed and the deformed geometry. Such deformation is referred to as being geo-
metrically linear. The true axial stress 0 = N/A approximately equals the engineering stress
on = N/Ap, where N is the axial force.

When, moreover, the material behavior is not influenced by the deformation, as is the
case for linear elastic behavior, — this is referred to as physical linearity — the total deformation
is linear and the internal force f; can be linearly related to the displacement wu.

The equilibrium equation can be solved directly, yielding the displacement w.

3.2.4 Solution procedure

Because the relation between the external force f. and the axial displacement « is linear,
the latter can be solved directly from the equilibrium equation f; = f., yielding the exact
solution Uezqet = us. The stiffness K of the truss depends on the Young’s modulus E and on
the initial geometry (Ap and lp).

fi =040 = EecAy = —Ele u=Ku
0
_ _ - fe lO
fz—fe - KU—fe — U =1Us K—EAOfe
f fi
Je
0

Ug U

Fig. 29 : Solution of linear equilibrium equation



26

Proportionality and superposition

Two important characteristics hold for linear problems :

e the deformation is proportional to the load : when the external force f. is multiplied by
a factor, say «, the elongation u is also multiplied by «.

e superposition holds : when we determine the elongation u; and wug for two separate
forces, fo1 and feo respectively, the elongation for the combined loading fe1 + feo is the
sum of the separate elongations : uq + us.

3.3 Nonlinear deformation

When deformation and/or rotation of the truss are large, various strains and stresses can be
defined and related by material laws. The material behavior can be expected to be no longer
linearly elastic.

3.3.1 Strains for large elongation

The deformation of the truss can be characterized uniquely by the two elongation factors A
and p. However, it is common and useful to introduce deformation variables which are a
function of the elongation factors : the strains. A wide variety of strain definitions is possible
and used.

All strain definitions must obey some requirements, one of which is that they have to
result in the same value for small elongations, being the value of the linear strain. When we
plot the various strains as a function of the elongation factor, it is immediately clear that the
strains, which are defined here, obey this requirement.

It is obvious that one and the same strain definition must be used throughout the same
specimen and analysis. This implies that the contraction strain is defined analogously to the
elongational strain. These strains are related by a material parameter, the Poisson’s ratio v.
It is assumed, until stated otherwise, that this parameter is constant.

linear strain e=¢g=X—-1
logarithmic strain e =¢ep, =In(\)
Green-Lagrange strain E=¢€g = %()\2 -1)
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€ s(\? 1)

In(A)

Fig. 30 : Three strain definitions as function of the elongation factor

Linear strain

The linear strain definition results in unrealistic contraction, when the elongation is too large.
The cross-sectional area of the truss can become zero, which is of course not possible.

: . Al

linear strain e=g=A—-1= .
0

contraction strain ca=p—1=—-vegg=—-v(A-1)

change of cross-sectional area

A 2
0

restriction of elongation

1 1
1—-v(A=1)>0 — A—-1<- — A< v

v v

Logarithmic strain

The logarithmic strain definition does not lead to unrealistic values for the contraction. There-
fore it is very suitable to describe large deformations. *

logarithmic strain e =g =In(N)

Inz="°log(z)=y — z=e
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contraction strain eq=In(p) = —vey, = —vin

change of cross-sectional area

_ A _ —Ven — ,—vIn(A) _ | _In(A) v _ —2v
W= A—O—e =e —[e } =A — A= Ag)

A deformation process may be executed in a number of steps, as is often done in forming
processes. The start of a new step can be taken to be the reference state to calculate current
strains. In that case the logarithmic strain is favorably used, because the subsequent strains
can be added to determine the total strain w.r.t. the initial state.

N N
01 12

Fig. 31 : Two-step deformation process

lo—l1 €l(01) = bk

lo

e1n(01) = In(k)

ll—>12 61(12) = —l2l_1l1
en(12) = In()

lo—1l2 e1(02) = 272 £ (01) + &,(12)
1

Green-Lagrange strain

Using the Green-Lagrange strain leads again to restrictions on the elongation to prevent the
cross-sectional area to become zero.

Green-Lagrange strain E=¢€g = %()\2 -1)

: : _1(,2 _ _ 102
contraction strain eq = 5(p* —1) = —vey = —vz(A° - 1)
change of cross-sectional area

1+v

I-v(AM-1)>0 — A< >




29

3.3.2 Mechanical power for an axially loaded truss

The figure shows a tensile bar which is elongated due to the action of an axial force F.
Its undeformed cross-sectional area and length are Ay and ly, respectively. In the deformed
configuration the cross-sectional area and length are A and .

At constant force F' an infinitesimal small increase in length is associated with a change
in mechanical energy per unit of time (power) : P = F [. The elongation rate [ can be
expressed in various strain rates.

—

€2 lo, Ao

linear strain g=Xx—1 — g = A= li
0
: l
logarithmic strain e = In(A) — Em = AT = 7
Green-Lagrange strain g =5A=1) — ==X = A 7
0
= F{ = F&)El = A—OAQKQEI = A—OVQF:I
= F/ = Fﬁ&‘ln = ZAKEM = ZV&‘Z”
. ;o . o F eO . o F -1
= F{ = FgoEl = AAEKEI = AV)\ &l
. F F
= Fl = FiN2%, = ZAK)\_2égl = ZVA—%Q[

Various stress definitions automatically emerge when the mechanical power is considered in
the undeformed volume Vy = Agly or the current volume V = Al of the tensile bar. The

stresses are :

Cauchy or true stress
engineering or nominal stress
1st Piola-Kirchhoff stress = o,
Kirchhoff stress

2nd Piola-Kirchhoff stress
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P = Voep, = Vb(JO')€ln = Vookém

P = V(O‘)\_l)él = V(](JO'/\_l)él = V(]O'plél

P = V(oA 2y = Vo(JoA 2y = Voopig
specific mechanical power : P=VWy=VW

WO = Op&l = Ox€lp = Uplél = O-p2égl

W = = o0&, = 0)\_1<§l = 0)\_2égl

3.3.3 Equilibrium

Deformations may be so large that the geometry changes considerably. This and/or non-
linear boundary conditions render the deformation problem nonlinear. Proportionality and
superposition do not hold in that case. The internal force f; is a nonlinear function of the
elongation u.

Nonlinear material behavior may also result in a nonlinear function f;(u). This nonlin-
earity is almost always observed when deformation is large.

Solving the elongation from the equilibrium equation is only possible with an iterative
solution procedure.

Uezact U

Fig. 33 : Nonlinear internal load and constant external load

external force fe
internal force fi=cA= fi(u)
equilibrium of point P filu) = fe



3.3.4 Solution procedure
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It is assumed that an approximate solution u* for the unknown exact solution wuegzqe €xists.

(Initially u* = 0 is chosen.)

The residual load r* is the difference between f(u*

) and f.. For the exact solution this

residual is zero. What we want the iterative solution procedure to do, is generating better
approximations for the exact solution so that the residual becomes very small (ideally zero).

fi(u)

Je

Uezact U

Fig. 34 : Approzimation of exact solution

analytic solution fi(Uezact) = fe
approximation u*

residual r* =r(u")

- fe - fi(uexact) =0
fe—filw") =r(u™) #0

The unknown exact solution is written as the sum of the approximation and an unknown
error du. The internal force f;(tezact) is then written as a Taylor series expansion around u*
and linearized with respect to du. The first derivative of f; with respect to w is called the
tangential stiffness K*. Subsequently du is solved from the linear iterative equation. The

solution is called the iterative displacement.

fi(uemact) = fe }

Uezact = u* + du -
fl(u*) + % y u = fe —
K*ou=fe—f=r" —

fi(u® + 0u) = fe

fi* +K*5u = fe
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fi(u)
g K* g fe
o ;

Fig. 35 : Tangential stiffness and iterative solution

With the iterative displacement du a new approximate solution u** can be determined by
simply adding it to the known approximation.

When u** is a better approximation than u*, the iteration process is converging. As the
exact solution is unknown, we cannot calculate the deviation of the approximation directly.
There are several methods to quantify the convergence.

fi(u)
; ; —_
g K* § § fe
AT
u* u** Uezact U

Fig. 36 : New approzimation of the exact solution

new approximation u =u* + du
error Uezact — W
error smaller —  convergence

Convergence control

When the new approximation u** is better than u*, the residual r** is smaller than r*. If its
value is not small enough, a new approximate solution is determined in a new iteration step.
If its value is small enough, we are satisfied with the approximation «** for the exact solution
and the iteration process is terminated. To make this decision the residual is compared to a
convergence criterion ¢,. It is also possible to compare the iterative displacement du with a
convergence criterion ¢,. If du < ¢, it is assumed that the exact solution is determined close
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enough.
When the convergence criterion is satisfied, the displacement u will not satisfy the nodal

equilibrium exactly, because the convergence limit is small but not zero. When incremental
loading is applied, the difference between f; and f. is added to the load in the next increment,
which is known as residual load correction.

fi(w)

f**
%

Fig. 37 : New residual for approximate solution

residual force |r*™*| <e¢. — stop iteration
iterative displacement |ou] < ¢, — stop iteration
LW

' Z Je
u

Fig. 38 : Converging iteration process

Residual and tangential stiffness

The residual and the tangential stiffness can be calculated from the material model, which
describes the material behavior. It is assumed that this is a relation between the axial Cauchy
stress o and the elongation factor or stretch ratio A = % : 0 =o(A). It is also necessary to
now the relation between the cross-sectional area A and .

internal nodal force fi=N\")=A%"
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Incremental loading

The external loading may be time-dependent. To determine the associated deformation, the
time is discretized : the load is prescribed at subsequent, discrete moments in time and
deformation is determined at these moments. A time interval between two discrete moments
is called a time increment and the time dependent loading is referred to as incremental loading.
This incremental loading is also applied for cases where the real time (seconds, hours) is not
relevant, but when we want to prescribe the load gradually. One can than think of the ”time”
as a fictitious or virtual time.

; ; fi
ol (1

Fig. 39 : Incremental loading

Non-converging solution process

The iteration process is not always converging. Some illustrative examples are shown in the
next figures.
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i fe
fi(w)
fe
fi(w)
fe
u

Fig. 40 : Non-converging solution processes

Modified Newton-Raphson procedure

Sometimes, it is possible to reach the exact solution by modifying the Newton-Raphson iter-
ation process. The tangential stiffness is then not updated in every iteration step. Its initial
value is used throughout the iterative procedure.

The figure shows a so-called ”snap-through” problem, where no convergence can be
reached due to a cycling full Newton-Raphson iteration process. With modified Newton-
Raphson, iteration proceeds to the equilibrium f; = f..
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Je

fi(w)

fi(w)

u

Fig. 41 : Modified Newton-Raphson procedure

3.4 Material behavior

Characterization of the mechanical behavior of an unknown material almost always begins
with performing a tensile experiment. A stepwise change in the axial stress may be prescribed
and the strain of the tensile bar can be measured and plotted as a function of time. From
these plots important conclusions can be drawn concerning the material behavior.

Another way of representing the measurement data of the tensile experiment is by plot-
ting the stress against the strain, resulting in the stress-strain curve. The relation between
stress and strain may be linear or nonlinear. Also, the relation may be history dependent,
due to changes in the material structure. Different behavior in tensile and compression may
be observed.

All these features must be captured by the material model, which describes the experi-
mentally observed behavior as accurate as possible in a range required by the application.

3.4.1 Time history plots

For elastic material behavior the strain follows the stress immediately and becomes zero after
stress release. For elastoplastic material behavior the strain also follows the stress immediately,
but there is permanent deformation after stress release. When the material is wviscoelastic
the strain shows time delayed response on a stress step, which indicates a time dependent
behavior. When time dependent behavior is accompanied by permanent deformation, the
behavior is referred to as viscoplastic.
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Fig. 42 :  Strain response for a stress-step for a) elastic, b) elastoplastic, c)
viscoelastic and d) viscoplastic material behavior

3.4.2 Tensile curves

Tensile curve : elastic behavior

When elastic behavior is well described by a linear relation between a stress and a strain, the
elastic behavior is referred to as linear.

v

Fig. 43 : Tensile curves for elastic material behavior

| €

Tensile curve : viscoelastic behavior

Viscoelastic behavior is time-dependent. The stress is a function of the strain rate. There
is a phase difference between stress and strain, which results in a hysteresis loop when the
loading is cycling in time.
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Fig. 44 : Tensile curve and hysteresis loop for viscoelastic material behavior

Tensile curve : elastoplastic behavior

When a material is loaded or deformed above a certain threshold, the resulting deformation
will be permanent or plastic. When time (strain rate) is of no importance, the behavior is re-
ferred to as elastoplastic. Stress-strain curves may indicate different characteristics, especially
when the loading is reversed from tensile to compressive.

Fig. 45 : Tensile curves for elastoplastic material behavior

Tensile curve : viscoplastic behavior

A combination of plasticity and time-dependent phenomena is called viscoplastic behavior.
This behavior is often observed for polymeric materials. For some polymers the stress reaches
a maximum and subsequently drops with increasing strain. This phenomenon is referred to
as intrinsic softening. In a tensile experiment it will provoke necking of the tensile bar.
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Fig. 46 : Tensile curves for viscoplastic material behavior

Tensile curve : damage

Structural damage influences the material properties. The onset and evolution of damage
can be described with a damage model. For materials like concrete and ceramics, the onset
and propagation of damage causes softening. Because damage is often associated with the
initiation and growth of voids, the stress-strain curve is different for tensile and compressive
loading.

Fig. 47 : Tensile curve for damaging material with different behavior in tension and
compression

3.4.3 Discrete material models

Material models relate stresses to deformation and possibly deformation rate. For three-
dimensional continua the material model is often represented by a (large) number of coupled
(differential) equations. As a simplified introduction, we will present material models first in
a one-dimensional setting. The material behavior is represented by the behavior of a one-
dimensional, discrete, mechanical system of springs, dashpots and friction sliders. For such a
system the relation between the axial stress ¢ and the axial strain € can be derived.

When the model is employed in a truss, the stress o will be used to calculate the internal
axial force.
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Fig. 48 : Discrete elements : spring, dashpot and friction slider
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Chapter 4

Elastic material behavior

When a material behaves elastically, the current stress can be calculated directly from the
current strain, because there is no path and/or time dependency. When the stress is released,
the strain will become zero, so there is no permanent deformation at zero stress. All stored
strain energy is released and there is no dissipation. For the one-dimensional case the elastic
behavior is described by a relation between the stress ¢ and the elongation factor A or the
strain €.

loading

unloading

Fig. 49 : Non-linear elastic material behavior

Large strain elastic behavior

For large deformations, nonlinear elastic behavior can be observed in polymers, elastomeric
materials (rubbers) and, on a small scale, in atomic bonds, when a tensile/compression test
is carried out and the axial force F' is plotted as a function of A. In a material model we
want to describe such behavior with a mathematical relation between a stress and a strain.
Consideration of the stored elastic energy per unit of volume learns that each stress definition
is associated with a certain strain definition, so these should be combined in a material model.
However, when the observed material behavior is described accurately by another stress/strain
combination, it can be used as well.

For three-dimensional models more considerations have to be taken into account. Care

41
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has to be taken that the material model does not generate stresses for large rigid body
rotations of the material.

Fig. 50 : Non-linear stress-strain relations for an elastomeric material and for an
atomic bond

Small strain elastic behavior

For small elongations, all strain definitions are the same, as are all stress definitions. The
relation between stress and strain is linear and the constant material parameter is the Young’s

modulus.

strain E=cg=cp=g=A—-1
stress F_£
o= —=— =0
A A "
linear elastic behavior o=Fe=FE\-1)
d d
modulus E=1lm 2 =1lim Y

A—=1d\  e—0de

4.1 Elastic models

The discrete one-dimensional model for elastic material behavior is a spring. The behavior is
modeled with a relation between the stress ¢ and the elongation factor A or a strain €. The
material stiffness C, is the derivative of o w.r.t. the stretch ratio A\. The derivative w.r.t. the
strain ¢ results in the stiffness C..

Consideration of the stored elastic energy per unit of material volume learns that, in
a material model, true stress o should be combined with logarithmic strain ¢;,, engineering
stress o, with linear strain ¢; or 2nd-Piola-Kirchhoff stress 0,2 with Green-Lagrange strain
Egl-

Experimentally observed tensile behavior can often be described with a linear relation
between a certain stress and its associated strain.
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Fig. 51 : Spring

o=oc(}\)
o, .%o _dode . de
ATAN T dedh . fdx

linear true-log. o=ClIn(\) = Cg,

elastic models (examples)

linear eng.-lin. on=C(A=1)=Cg

4.2 Hyper-elastic models

Elastomeric materials (rubbers) show very large elastic deformations (elongation up to 5).
The material models for these materials are therefore referred to as hyper-elastic. They are
derived from an elastic energy function, which has to be determined experimentally. The
so-called Rivlin or Mooney type of these functions are expressed in the principal elonga-
tion factors A;,7 = 1,2,3. Experimental observations indicate that elastomeric materials are
incompressible, so that we have A AA3 = 1.

W = Z ZCZ] (11 — 3)i (12 — 3)j with Cpo =10
(]

L=M 42+

1 1 1
L= XA+ NN+ MM = 55+ 5+ 35
A3 Al A2

The incremental change of the elastically stored energy per unit of deformed volume, can be
expressed in the principal stresses and the principal logarithmic strains.

dW = O’ldElm + O’2d€ln2 + 03d5ln3
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Mooney models

For incompressible materials like elastomer’s (rubber) the stored elastic energy per unit of de-
formed volume is specified and fitted onto experimental data. Several specific energy functions
are used.

Neo-Hookean W = Cyo (I — 3)
Mooney-Rivlin W =Co(I1 —3)+ Co1 (I2 — 3)
Signiorini W = Cl()(fl — 3) + Col(fg — 3) + Cgo([l — 3)2

2nd-order invariant model W = Clo(Il—3)+C01(Ig—3)+C11(11—3)(12—3)+C20(Il—3)2
Yeoh W = 010(11 — 3) + 020(11 — 3)2 + 030(11 — 3)3
KIosner—SegaI W = 010(11 - 3) + Co1 (12 — 3) + 020(11 — 3)2 + 003(12 — 3)3

Third-order model of James, Green and Simpson

W = 010(11 — 3) + 001(12 — 3) + 011(11 — 3)(]2 — 3) +
Coo(I1 — 3)? 4 Coa(Is — 3)* + Cor (I — 3)*(I, — 3) +
030(11 — 3)3 + Cog([g — 3)3 + Clz(fl — 3)(12 — 3)2

Ogden models

For ’slightly’ compressible materials the Ogden specific energy functions are used. Because
the volume change is not zero, these functions depend on the volume change factor J. The
second part of the energy function accounts for the volumetric deformation. Because the
volumetric behavior is characterized by a constant bulk modulus, the model is confined to
slightly compressible deformation.

For ’highly’ compressible materials like foams, specific energy functions also exist. The
first part of the energy function also describes volume change.

N b, 1 2
slightly compressible W = Z % [J_§ ()\lfl + /\g"' + )\gl) — 3} +45K <J§ — 1)
i=1
N N o
highly compressible W = Z b_l ()\l{i SRV 3) + Z (1 —J%)
: i Ci

i=1

s
I
—

One-dimensional models

For tensile (or compressive) loading of a homogeneous and isotropic truss, where the axial
direction is taken to be the 1-direction, we have : Ay = X and Ay = A3 = 1/\/X In this case
there is only an axial stress o1 = o, so that we have

dw  dW d\ dw

=20

AW = o dey,, - LS
@ T T T AN deg | dA
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The Neo-Hookean model is the simplest model as it contains only one material parameter.
Axial stress o and axial force F' can be calculated easily. From statistical mechanics it is

known that for an ideal rubber material the stress is :

T 1
o= & </\2 — —> with

M A

R

density

gas constant = 8.314 JK~'mol !
absolute temperature

average molecular weight

Most rubber materials cannot be characterized well with the Neo-Hookean model. The more
complex Mooney-Rivlin model yields better results. The stiffness C) is a function of the
elongation factor A. The initial stiffness F is often referred to as the modulus.

Neo-Hookean

F=0cA= ale = 201040

a1

Mooney-Rivlin
W=Co(N+2-3) +Cn (= +20—3
1 1\ 1
— 2 _ - 2_ )z
g = 2010 </\ /\> +2001 </\ /\> by
oo 1 2
C)\:—a)\ = 2CYg <2)\+—)\2> +2Ch <1+—)\3> ;

1 1 1 1\ 1
F:o—A:aXAO:AOX [2010 (AQ—X>+2001 <A2——> —}

.0
E = )}@1 8—§ =6(C10+ Co1)

AJ A
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Chapter 5

Elastoplastic material behavior

Below a certain load (stress) value, the deformation of all materials will remain elastic. When
the stress exceeds a limit value, plastic deformation occurs, which means that permanent
elongation is observed after release of the load. At increased loading above the limit value, the
stress generally increases with increasing elongation, a phenomenon referred to as hardening.

Reversed loading will first result in elastic deformation, but after reaching a limit value
of the stress, plastic deformation will be observed again.

Looking at the stress-strain curve after a few loading reversals, it can be seen that
elastoplastic material behavior is history dependent: the stress is not uniquely related to the
strain; its value depends on the deformation history. The total stress-strain history must be
taken into account to determine the current stress.

Fig. 52 : Stress-strain curves for elastoplastic material behavior

5.1 Uniaxial test

To investigate the characteristics of elastoplastic material behavior, a uniaxial tensile/compression
test is done. Although strains during an elastoplastic deformation can be very large (eg. in

47
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forming processes), we consider only small to moderate axial strains of the tensile bar. In
that case all stress and strain definitions result in (approximately) the same values and are
indicated by ¢ and e.

Tensile test

When a tensile bar, with undeformed length [y and cross-sectional area Ag, is subjected to a
tensile test, the axial force F' and the length [ can be measured. The axial stress o and the
axial strain € can then be calculated.

Until point P (¢ = op, the proportionality limit) is reached, the material behavior is assumed
to be linear elastic : ¢ = Ee, where F is Young’s modulus. When the stress exceeds the initial
yield stress 0,9 > op, unloading will reveal permanent (= plastic) deformation of the bar.
The exact value of 9 cannot be determined so in practice oy is taken to be the stress where
a plastic strain of 0.2 % remains. In the following however, we will assume that o, is exactly
known and that 0,9 = op.

The axial force and therefore the nominal stress will reach a maximum value. At that
point necking of the tensile bar will be observed. The maximum nominal stress is the tensile
strength op. In forming processes strains can be much higher than in a tensile test, because
of the compression in certain directions.

Experiments have shown that during plastic deformation the volume of the metals and
metal alloys remains constant : plastic deformation is incompressible.

On

oy | F
op

L e = 0.002

=7

Fig. 53 : Stress-strain curve during tensile test
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op proportional limit

0= oy yield

oy0 initial yield stress

€40 strain at o9 1 €yo = 0yo/E

€0.2 0.2-strain  : &, =0.2% = 0.002

or tensile strength

oF fracture strength

Ep fracture strain (= 5% = 0.05 (metals))

Compression test

For metal alloys a compression test instead of a tensile test will reveal that first yield will
occur at 0 = —oyg. The initial material behavior is the same in tension and compression.

In general terms the transition from purely elastic behavior to elastoplastic behavior is
determined by a yield criterion. For this one-dimensional case this criterion says that first
yielding will occur when :

The function f is the yield function.

1.7 0y0

Fig. 54 : Stress-strain curve during tensile or compression test

Interrupted tensile test

When the axial load is released at 04 with oy9 < 04 < o7, the unloading stress-strain path
is elastic and characterized by the initial Young’s modulus E. The permanent or plastic
elongation is represented by the plastic strain ,. The difference between the total strain in

point A and the plastic strain is the elastic strain e. =4 — ¢, = %
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tl t2 t t1 t2 t

g
A
Oy o -
oy |- :
B |
€A
3

Fig. 55 : Stress-strain curve after interrupted tensile test

Resumed tensile test

When after unloading, the bar is again loaded with a tensile force, the elastic line BA will be
transversed where Ao = EAe = EAe,. holds. The Young’s modulus F is assumed to be not
affected by the plastic deformation. For o > o4(e > e4) further elastoplastic deformation
takes place and the stress-strain curve will be followed as if unloading had not occurred.

At reloading the stress o4 characterizes the transition from elastic to elastoplastic be-
havior and is called the current yield stress o,. As we see, plastic deformation results in an
increase of the yield stress, a phenomenon which is called hardening. The deformation history,
which influences the material behavior must be characterized by a history parameter, which
has to be specified.
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Fig. 56 : Stress-strain curve after resumed loading during tensile test

5.2 Hardening

To study the hardening phenomenon, the tensile bar is not reloaded in tension but in com-
pression. Two extreme observations may be done, illustrated in the figure.

In the first case we can observe that the elastic trajectory increases in length due to plas-
tic deformation : AA’ > YY{. The elastic trajectory is symmetric about 0 = 0 (BA = BA’).
What we observe is isotropic hardening.

In the second case it is observed that the elastic trajectory remains of constant length :
AA" =YYy, Tt is symmetric about the line OC (CA = C'A’). After unloading the yield stress
under compression is different than the yield stress under tension. This is called kinematic
hardening. The stress in point C', the center of the elastic trajectory, is the shift stress o = q.
This phenomenon is also referred to as the Bauschinger effect.

Real materials will show a combination of isotropic and kinematic hardening.

o A o A

Y Yy

A/

Fig. 57 : Isotropic and kinematic hardening
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isotropic hardening

- elastic area : larger & symmetricw.rt. 0 =0
tensile : oc=o0
. Y } — f=o0?- 05 =0
compression : o= —0y
kinematic hardening
- elastic area : constant & symmetric w.r.t. 0 =gq
tensile : o=q+ oy 9 9
- , _ / — f=(0-q)" —0y,=0
compression : 0 =q— 0y

5.2.1 Effective plastic strain

Isotropic hardening could be described by relating the yield stress o, to the plastic strain
ep. However, as the figure shows, this would lead to the unrealistic conclusion that the yield
stress would increase while the plastic strain decreases. To prevent this problem, the effective
plastic strain £, is taken as the history parameter. It is a measure of the total plastic strain,
be its change positive or negative, and as such cannot decrease.

Fig. 58 : Increasing yield stress at decreasing plastic strain

T=t
A t t,
f=Ylasl=3 G a [ = [ s
€ =0 T T

= =0
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5.2.2 Linear hardening

Linear isotropic hardening is modeled by a linear relation between the yield stress o, and the
effective plastic strain £,. The characteristic material parameter is the hardening modulus
H.

Purely kinematic hardening is modeled by a linear relation between the shift stress ¢
and the plastic strain €,. Both variables may increase and decrease during elastoplastic
deformation. The characteristic material parameter is the hardening modulus K.

Fig. 59 : Linear isotropic and linear kinematic hardening

isotropic hardening

oy can not decrease  — effective plastic strain
hardening oy =0y +HE,
yield criterion f=0%- Jz(gp) =0

kinematic hardening

q can decrease @ — no effective plastic strain
hardening q=Keg,
yield criterion f={o—qley)}* — 020 =0

isotropic-kinematic hardening

hardening oy=o0y+HE : q=Kg,
yield criterion f={o—qle)}* — ag(ép) =0

5.2.3 Other ”hardening”models
Other post yield behavior which may be observed during a tensile test are :

e exponential hardening (Nadai model), which is often more realistic than linear harden-
ing;
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e 1o hardening, which is referred to as ideal plastic behavior;

e softening, in wich case the post yield stress decreases at increasing strain.

€p

Fig. 60 : Ezponential hardening (Nadai)

€

Fig. 61 : No hardening (ideal plastic)

€40 €u €

Fig. 62 : Softening

5.2.4 Cyeclic load

A truss can be loaded with a prescribed strain —¢,, < e < g,,. It is assumed that the stress
will reach values above the initial yield stress oy9 and that hardening occurs.

For purely isotropic hardening the stress will increase after each load reversal and finally
no further plastic deformation will take place.

For purely kinematic hardening the stress-strain path will be one single hysteresis loop,
where the stress cycles, as does the strain, between two constant values —o,, < o < g,.
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g1

—Em €40 / Em

Om

€m

Fig. 63 : Stress-strain curve during cyclic loading for isotropic and for kinematic
hardening

5.3 Elastoplastic model

The elastoplastic deformation characteristics can be represented by a discrete mechanical
model. A friction element represents the yield limit and a hardening spring — stiffness H
(H > 0) — provides the stiffness reduction after reaching the yield limit. The elastoplastic
model describes rate-independent plasticity — there is no dashpot in the discrete model —, so
the time is fictitious and "rate” is just referring to momentary change.

In an elastoplastic material model a yield criterion is used to decide at which stress
level a purely elastic deformation will be followed by elastoplastic deformation. In the yield
criterion f, the equivalent stress & is compared to the current yield stress o,, which changes
due to ongoing plastic deformation (= hardening or softening) as described by the hardening
rule. In the one-dimensional situation considered here, the effective stress is simply the axial
stress minus the shift stress ¢ : 6 = o —q.
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Ep Ee

Fig. 64 : Discrete mechanical model for elastoplastic material behavior

constitutive relations

e f<0 | f=0Af<0 — elastic
f=0Af=0 — elastoplastic
o oy =o0y(0y0,&p) ; q=q(ep)

o Ae=Ae. + Ag,

e o0=Fe¢

* &= Z | Aey|
3

5.3.1 Material stiffness

When loading is not monotonous, it follows from the stress-strain curve that the current stress
is not directly related to the current strain, but depends on the total deformation history.
The material model can only be formulated as a relation between a change of the stress and a
change of the strain, being the material stiffness, and as such the tangent to the stress-strain
curve. This "rate” equation must then be integrated to determine the current stress, which
means tracing the whole stress history.

When the current material behavior is elastic the relation between Ao and Ae is deter-
mined by the Young’s modulus : Agc = EAe. When the current deformation is elastoplastic,
the material stiffness is S and we have Ao = S Ae. The elastoplastic material stiffness de-
pends on the Young’s modulus and hardening parameters. This relation will be derived for
isotropic, kinematic and combined hardening. Only monotonous tensile loading is considered,
but results are general.
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o Bi,
Ao
A _— i
| e
Ae M} Aee
Ag,

Fig. 65 : Stress-strain curve for monotonic tensile loading

isotropic hardening

Ao = EAe, = E(Ae — Agp) :E<Ag— %) :E(Ag_%>

EH
stituti ti Ao =——— Ae=SA
constitutive equation g E+H g S g
Ao FE
h lastic strai Agy, = — = A
change plastic strain Ep H E+H (9

kinematic hardening

Ao = EAe, = E(Ae — Aey) = E (Aa— ﬂ) - F (As— f)

K K
FK
tituti ti Ao =——— Ae =SA
constitutive equation o TR e =SA¢
Ao FE
h lastic strai Ae, = — = A
change plastic strain Ep % P €

Note that the stiffness equals Young’s modulus when H (or K) approaches infinity.

EH . E _
HgnooE—l—H_Hl—H>loo%+1_

For combined isotropic and kinematic hardening, the material stiffness can be derived in the
same way as before. In the derivation tension and compression loading is considered at the
same time. For the tension the (+)-sign applies and for compression the (—)-sign.
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Ao = EAe. = E(Ae — Agp)

o=q+oy, — Aoc=Aq+Ao,=KAc,+ H(£)Ag,

EAe — EAe, = (K + H)Ag, —

E E(K + H)
Aey= — =~ A Ao = A1)
P Erk+H T EfK+H
EH EK
= (1) ——— - " A
Aoy = grryn ~ M pirsm e

} .



Chapter 6

Viscoelastic material behavior

Viscoelastic material behavior is a combination of elastic and viscous behavior. Both cases
will be illustrated first.

Linear elastic material behavior
For a linear elastic material the stress is uniquely related to the strain by the Young’s modulus

E [Pa]. The linear elastic truss behaves like a spring with constant stiffness k& [N/m)].

N N

| ] —

to tp 1 to 1t €

Fig. 66 : Tensile experiment for linear elastic truss

EZEO' — o= FEs — N:JA:EAe:ETAAl:k:Al

A linear elastic material can be subjected to a loading stress cycle. The work per unit of
volume during the cycle appears to be zero indicating that there has been no dissipation.
This is also obvious when looking at the stress-strain curve associated with the load cycle :
the area below the curve is zero.

99
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t1 ta t t1 ty t

Fig. 67 : Loading cycle applied to linear elastic truss

t1 to
Ud:/ st—l—/ ode = Eede—l—/ FEede
to t1
l
2

50"‘52 5%]:0

Linear viscous material behavior

For a linear viscous material the stress is uniquely related to the strain rate by the viscosity
n [Pa.s]. The linear viscous "truss” behaves like a dashpot with constant damping value b

[Ns/m].

to t ot

Fig. 68 : Tensile experiment for linear viscous truss

.1 : ._nA ;
E=—-0 — o="ne — N:UA:nAEZTAl:bAl
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The linear viscous material is subjected to a loading stress cycle. The work per unit of volume
can be calculated and appears to be non-zero. All the work is dissipated as can be seen from
the stress-strain curve : the area included by the stress-strain trajectory represents the specific
dissipated energy.

Fig. 69 : Loading cycle applied to linear viscous truss

t1 to t1 to t1 to
Ud:/ ade—l—/ adsz/ néde+/ nédsz/ ncde—/ nede
to t1 to t1 to t1

=ncle; —eg — e2 + 1] = 2nca

Viscoelastic material behavior

Viscoelastic material behavior is a combination of elastic and viscous behavior. Part of the
deformation energy will be dissipated, while the rest is stored as reversible elastic energy.
Viscoelastic behavior can be characterized by mechanical models build from springs and
dashpots.

We will assume the deformation to be small, so that the choice of stress and strain
definitions is irrelevant. First the characteristics of the viscoelastic material behavior will be
described, based on experimental observations. To predict the behavior, viscoelastic models
are needed, which will be based on the behavior of springs and dashpots.

7

]
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€0

Fig. 70 : Stress-strain curves for viscoelastic material behavior

6.1 Uniaxial test

To investigate the characteristics of viscoelastic material behavior, a tensile test is carried out,
where a tensile bar is loaded with stress excitations, which are prescribed as a step-function
in time.

6.1.1 Proportionality

In a tensile test, a stress-step is applied and the strain is measured as a function of time.
The test is repeated for increased stress amplitudes. From the measurement data, the strain
values at the same time after loading are plotted against the stress amplitudes. The resulting
plots are isochrones, because they represent the strain at the same time after loading.

For linear viscoelastic material behavior the isochrones are straight lines. This means
that the strain as a function of time is proportional to the stress. The strain response can
be written as the product of the stress amplitude Ao and a function of the time D(t — ty),
whose value is zero for ¢t < t.

o T o T o T

tot1 to 13 ¢ tot1 to t3 ¢
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Aoy Aoy Aoo Ao

Fig. 71 : Proportionality of strain response and stress excitation
e(t) = Ao D(t — to) for Vo t>t

6.1.2 Superposition

A tensile test is carried out three times. In the first two tests, a stress step with different
amplitude is applied and the strain response is measured. Then, in the third experiment, the
two stress steps are applied subsequently and again the strain response is measured.

For linear viscoelastic material behavior, the strain response in the third experiment
is the sum of the separate responses in the first two experiments. This means that strain
responses can be determined by superposition.

sy Lo [ Jan

Fig. 72 : Superposition of strain responses to two stress excitations

separate excitations

to : Aoy
t1 Aoy

m
—~
~
S~—
I
[
Q

o
S
—~
~
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~
o
~
3
=
~
V
~
o

€(t) = AO’lD(t — tl) for t> t

!

subsequent excitations

to : Aoy —
E(t) = AO’oD(t — to) for to<t<t
ty : Ao = Aoy+ Aoy —

e(t) = AogD(t —tg) + Ao D(t — t1) for t>t
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6.2 Boltzmann integral

Linear viscoelasticity is characterized by two properties, which are explained by considering
a strain response to a stress excitation.

1. proportionality : At every time the strain response is proportional to the amplitude
of a constant stress step which is applied at t = tg : g;(t) = Ao; D(t —ty) for t >ty
For a unit step at ¢ = 0 the strain response is identified as the creep function D(t).

2. superposition : The strain response to two subsequently (at time ¢ =ty and ¢ = ¢;)

applied constant amplitude (Aoy and Aoq) stress steps equals the sum of the separate
responses for t > t1 : e(t) = AogD(t — tog) + Ao D(t —t1) for t>1t;

Every stress excitation can be seen as an infinite sequence of infinitesimal small stress steps.
The superposition property then leads to the Boltzmann integral expressing the strain re-
sponse. This integral is also called Duhamel or memory integral.

For strain excitation and stress response the same observations can be made.

1 ° 1

Aool---

to t1 12 t to t
Fig. 73 : Superposition of strain responses to subsequent stress excitations

Boltzmann integral for strain

e(t) = AogD(t — tg) + Aoy D(t — t1) + Ao D(t —ta) + ..

= Z Ao;D(t —t;) — limit n—o0 (t—7)
i=1
¢ ¢
= / D(t — 7)do(r) = p(t— %D 4
T=t, T=t, dr
0 0
¢
e(t) = D(t —T)o(T)dr
T=ty
Boltzmann integral for stress
¢
o(t) = E(t —T)é(r)dr
T=ty
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6.3 Step excitations

Step excitations are important for the (experimental) characterization of viscoelastic materi-
als. A unit step (amplitude = 1) can be described with the Heaviside function.

The derivative of the unit step function is the Dirac function or unit pulse. It has the
important property that integration of the product of a function f(7) and §(7,t*) over an
interval which contains 7 = t*, the ”location” of the Dirac pulse, results in the value f(¢*).

iy . . t<t* : H(tt)=0
Heaviside function H(t, t*) { Ps o H(EE) =1 }
H
1 s
0 | t* t

Fig. 74 . Unit step or Heaviside function

Dirac function a(t,t*) = % {H(t,t")}

>t >t
/ r,t*)dr =1 ; / f()o(r,t*) dr = f(t*)

=0 =0

0 t* t

Fig. 75 : Unit pulse or Dirac function

6.3.1 Creep (retardation)

The strain response to a stress step excitation at ¢ = 0 having an amplitude oy equals
00D(t). The creep function D(t) can be measured and experiments have revealed the following
properties :

e D{t)>0 ¥V t>0
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The measured strain response can be used to fit a proposed model for D(t).
stress step o(t) = ooH(t,0) — o(t) = 00d(t,0)

strain response

e(t) = /t D(t —7)o(r)dr = /t D(t — 1)o0d(7,0) dr = 09 D(t)

g0

€0

Fig. 76 : Creep strain response to unit stress step

6.3.2 Relaxation

The stress response to a strain step excitation at ¢ = 0 having an amplitude gy equals eg E(t).
The relaxation function E(t) can be measured and experiments have revealed the following
properties :

e E)<0 YV t>0
e E(t)>0 YV t>0

. E)dt >0 — limye E(t) =0
t=0

The measured stress response can be used to fit a proposed model for E(t).
strain step e(t) = eoH(t,0) — £(t) = eoo(t,0)

stress response

o(t) = /t E(t—7)é(r)dr = /t E(t —7)egd(7,0) dr = 9 E(t)




67

(o0}
€0

0 t 0 t

Fig. 77 : Stress relaxation response to unit strain step

6.4 Harmonic strain excitation

For the experimental characterization of viscoelastic materials, harmonic excitation is of great
importance.

We consider first a tensile test where the strain is prescribed harmonically with an angular
frequency w [rad s~1].

e(t) =epsin(wt) —  £(t) = gow cos(wt)

°
€0 e
t
T
Fig. 78 : Harmonic strain excitation
amplitude €0
2 1
period and frequency =" s ; f==
w T

6.4.1 Stress response

The stress response to the harmonic strain excitation can be calculated using the Boltzmann
integral. Evaluating the integral involves transformation to another integration variable.

The result reveals two important viscoelastic material parameters : the storage modulus
E' and the loss modulus E”, which both are a function of the angular frequency w. They can
be measured with a Dynamic Mechanical Analysis (DMA) experiment and transformed into
a relaxation function F(t). This experiment is more easy to perform and more accurate than
the direct measurement of E(¢) in a relaxation experiment.
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o(t) = /:_ E(t — 1)egw cos(wT) dT = gqw /g:— E(t — 1) cos(wT) dr

t—7T=8 — T=t—8 — dr=-—ds
= eow/ E(s)cos{w(t —s)}ds
s=0

cos(wt — ws) = cos(wt) cos(ws) + sin(wt) sin(ws)
=& [w - E(s)sin(ws) ds} sin(wt) + &g [w /s:O E(s) cos(ws) ds | cos(wt)

= goE' sin(wt) + gg B cos(wt)

F(lw) = w E(s)sin(ws) ds : storage modulus
s=0

E'(w) = w/ E(s) cos(ws) ds : loss modulus
s=0

6.4.2 Energy dissipation

The dissipated energy per unit of volume during one period of the harmonic strain excitation
can be calculated. This dissipated energy must always be positive. As shown below, it must
be concluded that the loss modulus E” is also positive.

Referring to the calculated stress response, we can conclude that the stress at time ¢ = 0
where the strain was taken to be ¢ = 0, has a positive value. We thus have proved something
which we already knew from experiments : there is a phase difference between strain and
stress and the stress shows a gain w.r.t. the strain.

e(T) T
Uy :/ ode :/ oédt
€(0) t=0

T
= {eoE' sin(wt) + eg E" cos(wt) } {gow cos(wt)} dt
t=0

T
= / 2w {E' sin(wt) cos(wt) + E" cos2(wt)} dt
=0

T
= / egw { $E'sin(2wt) + $E” + $E" cos(2wt) } dt
t=0

27
T==2
1 1
= %g%w [—E'% cos(2wt) + E"t + E"% sin(2wt)} . N
1 1 2
1.2 / / 1"
=3 - —+EF —+FE —
2°0% [ 2w + 2w + w }

=nelE" >0 = E'">0 —

U(t:()) :€0E” >0
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6.4.3 Phase difference

The phase difference between stress and strain results in a so-called hysteresis loop, when a
stress-strain diagram is drawn. The area enclosed by the hysteresis loop is a measure for the
dissipated energy per unit of volume during one cycle.

eq B 1 ............ € /\

P .
A

0/w

Fig. 79 : Harmonic strain excitation and stress response

Fig. 80 : Hysteresis of stress ans strain

6.4.4 Relation between E’, E” and 0

Writing the stress response with two different relations, results in relations between E’, E”
and §. The amplitude g of the stress response can also be calculated.

o(t) = opsin(wt + 9)
= 0 cos(d) sin(wt) + og sin(J) cos(wt)
o(t) = e’ sin(wt) + g B cos(wt)
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storage and loss modulus

=2 cos(9)
€0

E" = 2% sin(s)
€0

amplitude

E//
6 = arctan <F>

gg = £&p

(E/)2 + (E//)2

6.4.5 Measured E’, E” and tan(d)

Typical measured values for E'(w), E”(w) and tan(d) are shown in the plots. For low and
high frequencies, the loss modulus is zero, indicating that there is no dissipation and the
material behaves elastically. For high frequencies, the ”stiffness” E’ is much higher than for
low frequencies.

Storage and loss moduli can be measured accurately using DMA test equipment. From
E'(w) and E"(w), the relaxation function E(t) can be calculated using dedicated software.

E’ tan(0)
E//
El
E/l
w w
1072 109 102  10* 109 1072 100 102 10* 10°

Fig. 81 : Characteristic values of E', E" and tan(d)

6.5 Harmonic stress excitation

The axial stress can be prescribed harmonically with an angular frequency w [rad s~1]. The
strain response can be calculated with the Boltzmann integral and appears to be characterized
by the the storage compliance D'(w) and the loss compliance D"(w). Both compliances are
positive for all w. Because ¢(t = 0) < 0, the definition of D’ includes a minus sign.
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o(t) =ogsin(wt) —  (t) = opw cos(wt)

e(t) = /:_ D(t —7)o(r)dr = /:_ D(t — 1)ow cos(wT) dT

[e.e]

= o9 {w [ D()sin(us) ds} sin(wt) + g {w / : D(s) cos(ws) ds | cos(wt)

= oo D’ sin(wt) — oo D" cos(wt)

[e.e]
D'(w) = w D(s)sin(ws) ds : storage compliance

s=0
o

D"(w) = —w/ D(s) cos(ws) ds : loss compliance
s=0

6.5.1 Relation between D', D" and )

Writing the strain response with two different relations, results in relations between D', D"
and 0. The amplitude £y of the strain response can also be calculated.

g(t) = gp sin(wt — 0)
= g0 cos(0) sin(wt) — gg sin(0) cos(wt)
e(t) = oo D’ sin(wt) — 0o D" cos(wt)

storage and loss compliance

"

— =tan(d) —
D=2 cos(0) D
o0
-
"
D// — 6_0 : 6 — D_
p sin(d) d = arctan fo
amplitude g0 = oo/ (D)% 4 (D")?

6.5.2 Measured D' and D"

Typical measured values for D'(w), D”(w) are shown in the plots. Again it is obvious that the
loss compliance is zero for both very low and very high frequencies. The storage compliance
is reversely proportional to the frequency.
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D/l

D/l

1072 10° 102 10* 106 w

Fig. 82 : Characteristic values of D' and D"

6.5.3 Relation between (D', D") and (F’', E")

There is a relation between storage and loss modulus on the one hand and storage and loss
compliance on the other. Remember that there is not such a relation between the relaxation
function and the creep function.

o0 = € (E/)2 + (E”)2

= [(B)? + (E"A(D")? + (D) =1 (1)
g0 = 00y (D')? + (D")?
Dl/ El/ El/
ﬁ g ﬁ — D// = .D/ ﬁ (2)
El El/
We@ = Pempray 0 U @rwy
idem E = —D/ ; E' = D7

D + (D7) D7+ (D

6.5.4 Complex variables

In literature on viscoelastic behavior and modeling, complex variables are often used. They
can be derived easily by writing the strain excitation and the stress response as the real part
of a complex number, where Euler’s formula e'** = cos(ax) + isin(ax) is used.

e(t) = eosin(wt) = gg cos(wt — 5) = Re |:€0€_i7 ew} = Re [e*e™']

o(t) = ogsin(wt + 0) = og cos(wt — § 4 ) = Re [Joei(‘;_%)ei“t] = Re [o*e™"]
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complex modulus and compliance

*

(o} oo oo .00 . .
Er=_ =20 "0 cos(8) +i — sin(d) = E' +iE"

c* €0 €0 €0

e* €0 _; €0 . €0 . .
Df = = Dm0 -0 cos(d) —i — sin(8) = D' —iD"

o* oo o g0

dynamic modulus en compliance

Ea=|E*| = VB + () =2
€o
Dy = |D*| = (D) + (D"P = =
o

6.6 Viscoelastic models

The response of a viscoelastic material is given by the Boltzmann integral and to calculate it
we need the creep and/or relaxation functions D(t) and E(t).

Mathematical expressions can be chosen for these functions taking into account some
general requirements. The chosen functions can than be fitted onto data from creep and
relaxation tests.

Instead of choosing rather arbitrary functions, they are generally derived from the behav-
ior of one-dimensional mechanical spring-dashpot systems. Simple systems like the Maxwell,
Kelvin-Voigt and Standard Solid element, are not always useful, because the lack of parame-
ters prohibits a good fit of experimental data. In practice Generalized Maxwell or Generalized
Kelvin-Voigt models are used.

Because creep and relaxation tests may need a long experimental time period and accu-
racy is not high, harmonic excitation tests are carried out to determine D'(w), D" (w), E'(w)
and E”(w). These parameters can be converted to D(t) and E(t). These experiments are
generally known as D(ynamic) M(echanical) A (nalysis) or D(ynamic) M(echanical) T(hermal)
A(nalysis), because time-temperature superposition is mostly used.

In the following we will study some mechanical models. Their behavior is described by
a differential equation. Solving this for stress or strain excitations results in the viscoelastic
material functions.

n
Maxwell iﬂvww =B o

Kelvin-Voigt — — o

= [
r
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Fig. 83 : Discrete mechanical models for viscoelastic material behavior

6.6.1 Maxwell model

One of the simplest models to describe linear viscoelastic material behavior is the Maxwell
model. It consists of a spring (modulus E) and a dashpot (viscosity 1) in series.

The stress and strain in/of the Maxwell element is related by a first-order differential
equation. For both stress and strain excitation, the differential equation can be solved, using
appropriate initial conditions. General solutions — integrals for stress and strain — can be
derived. (See Appendix)

Fig. 84 : Maxwell model

E=¢eEptey — E=¢Eptey=
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Maxwell : step excitations

For a step excitations of stress and strain the differential equation of the Maxwell model can
be solved. The response represents the creep and relaxation functions, respectively.
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stressstep  : o(t) =o00H(t,0) — o(t) =000(t,0) — creep
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_ 90 9, _ oo | (1 1) =
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Fig. 85 : Creep and relaxation for a Mazxwell model

Maxwell : Boltzmann integrals

For a general stress and strain excitation the differential equation of the Maxwell model can
also be solved (See Appendix). These general solutions are Boltzmann integrals, which can
be used to calculate strain/stress responses to stress/strain excitations.

The creep and relaxation functions of the Maxwell model are readily recognized in the

integrals. Response to step excitations reveals that the Maxwell model describes viscoelastic
fluid behavior, characterized by a time constant 7 = % [s].

c(t) = %/;_OO {t=m)+ L) o(r)dr = /;_oo D(t — )6 (r) dr
o(t) = / t:_oo {Ee‘ﬁ“‘ﬂ} £(r)dr = / t:_oo E(t — 7)é(r) dr
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Maxwell : harmonic stress excitation

The strain response of the Maxwell model to an harmonic stress excitation is readily calculated
from the differential equation. Storage and loss compliances are thus determined.

harmonic stress
o(t) = ogsin(wt) — o(t) = opw cos(wt)

strain response

1 1
Et) == T oow cos(wt) + 500 sin(wt)

£(t) = o [%} sin(wt) — 0 [niw] cos(wt)
=ep(t) ey damps out

= 0o D’ sin(wt) — o9 D" cos(wt)

dynamic quantities

1 1 D" E
D =— ; D' = — ; 6 = arctan | — | = arctan | —
E nw D’ nw
Maxwell : harmonic strain excitation

With the Boltzmann integral for the Maxwell model, the stress response to an harmonic
strain excitation can be calculated. Storage and loss moduli are obtained as a function of w.
Comparing these functions with measured values reveals that the Maxwell model is generally
not adequate to describe viscoelastic behavior of real materials.

harmonic strain
e(t) = epsin(wt) — £(t) = eow cos(wt)

stress response

o(t) = / E(t —r1)é(r)dr

=—00

_E, ot E_
= Eeowe 7 / en cos(wr)dr
T

=0

Eeow E| _E, Eeqw . Eeow E

= | — ———— w| sin(wt) + | —=——— — | cos(wt
(52 +w? n (£)?2 +w? (wt) (52 +w? n wt)
Fw Ew E

=gy | —=——— w|sin(wt) + g | —=——— — | cos(wt fort >0

(£)2 +w? ] (1) (£)2+w? wt)

Ew?7r2 . Fwry,
= £&p [ﬁ] Sln(wt) + €0 [W] COS(CUt)

= go B sin(wt) + eg E” cos(wt)
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dynamic quantities
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6.6.2 Kelvin-Voigt model

The Kelvin-Voigt model is a simple model for the description of linear viscoelastic material
behavior. It consists of a spring (modulus E) parallel to a dashpot (viscosity 7).

The stress and strain in/of the Kelvin-Voigt element is related by a first-order differential
equation. For strain excitation, this equation directly describes the stress response. For stress
excitation, a general integral solution of the differential equation can be derived.

E
MWW ———

u L !

]
]
n

Fig. 86 : Kelvin model
oc=0g+o,=Fe+ne

Kelvin-Voigt : step excitations

Strain response to a step excitation of stress reveals that the Kelvin-Voigt model describes
viscoelastic solid behavior, characterized by the time constant 7 = 7 [s]. A stepwise strain
excitation leads to infinite stress.

stressstep  : o(t) =o00H(t,0) — o(t) =000(t,0) — creep
né(t) + Ee(t) = o(t) = ooH(t,0)
t) = eyt _Ce 4D o
e(t)=ep(t)+ep=Ce +E R c—_2%
et=0)=0 E

strain step  : e(t) =eoH(t,0) — £(t) =e0d(t,0) — relaxation

o(t) = Ee(t) + ne(t)
o(t) = Eeo +nepd(t,0) = e [E + nd(t,0)] = 0o
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Fig. 87 : Creep of a Kelvin model

Kelvin-Voigt : Boltzmann integral

The general solution for the strain response to a stress excitation is given by a Boltzmann
integral, in which we recognize the creep function of the Kelvin-Voigt element. For a general
strain excitation the stress response can be calculated directly from the Kelvin-Voigt element
equation.

1 t - t
2 = = {1 et )} 5(r)dr :/ D(t — 7)é(7) dr
Kelvin-Voigt : harmonic stress-excitation

For the Kelvin-Voigt model, the storage and loss compliance can be calculated. The Boltz-
mann integral with the Kelvin-Voigt creep function is used to calculate the strain response
for an harmonic stress excitation.

harmonic stress
o(t) = oo sin(wi) — o (t) = opw cos(wt)

strain response
t
e(t) = D(t—T)o(T)dr

T

— | sin(wt) — o9

=0
1
|: = +E cos(wt)
E 2 E 2
77 —I—w <n> +w
ooD's

= 09 i+ w2 ] sin(wt) — oy [ YTk ] cos(wt)

E(1+4 w?7?)
sin(wt) — UOD” cos(wt)
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dynamic quantities

1 E 1
D'(w) = 2 2 F(l + w2r2
<%) L2 (1+w?r)
1 wT
D" (w) = Y - =
)y e EOR)
"
D// nw
tan(d) = T = Wk — 0 = arctan (f)

6.6.3 Standard Solid model

The Standard Solid model consists of a parallel arrangement of a Maxwell element (modulus
E, viscosity 1) and a linear spring (modulus E).

This model incorporates the Maxwell model (E5 = 0) and the Kelvin-Voigt model
(E = 0). The stress-strain relation is described by a differential equation, which can be
solved resulting in Boltzmann integrals for strain and stress.

Fig. 88 : Standard Solid model

constitutive relations

. 1.

® 0 =05 1+ Ope o op=Fe, — .= Eave

. . . 1
& c—=¢&y+¢&e e £ =— 0

Ex

. 1

® &y = —Ope
constitutive equation
0 = 0o + Ope = Eoe + 1y

. ) o
= 006—1—77(6—66):E006+776—77%
= 006—1—775'—%((}—E00é) -
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Standard Solid : step excitations

Solutions for the differential equation when applying a step in the stress or a step in the

strain can be derived. The time constant for creep is defined as 7. = % + EL and the time
o

constant for relaxation as 7, = % They represent the intersection point of the tangent to

the creep/relaxation curve at ¢ = 0 and the asymptote for strain (£%) and stress (g9 Ex),

respectively.

o 1
(o)
t i t
€ T g T (Ep + Es)eo
€0
Ep€0 \

Fig. 89 : Creep and relaxation of a Standard Solid model

Standard Solid : Boltzmann integrals

In the Boltzmann integrals for strain and stress, the creep and relaxation functions of the
Standard Solid element are readily recognized.

creep
¢ 1 E B =)
(1) /:_w{Em oyl } (r) dr
t
= / D(t—71)o(r)dr
relaxation
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6.6.4 Generalized Maxwell model

Both the Maxwell and the Kelvin-Voigt models are to simple to describe the viscoelastic be-
havior of real materials. Combining a number of Maxwell elements in a parallel configuration,
leads to the generalized Maxwell model, which mostly also has an extra parallel spring for
the correct description of long-term behavior of viscoelastic solid materials. Such a model is
generally used for experimental characterization of the behavior of linear viscoelastic materi-
als in a Dynamic Mechanical (Thermal) Analysis (DM(T)A) test.

The creep function E(t) is easily determined and has a number of time constants to
characterize the viscoelastic material response. A model like the generalized Maxwell model
is therefore also referred to as multi mode.

bl

Fig. 90 : Generalized Maxwell model

t .
E(t):Eoo—i-zi:Eie Ti ; Ti:g_li
equilibrium modulus E. = lim E(t)
t—o00
glass modulus E, = tli_ngo E(t) = Ex + Z E;
(2

6.6.5 Generalized Kelvin model

The generalized Kelvin model consists of a number of Kelvin-Voigt elements arranged in
series. An extra spring — sometimes a dashpot — is also provided.
Ey Es

Eg
= = m

m 2

Fig. 91 : Generalized Kelvin model
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Appendix A

General solutions for differential
equations

A general solution is determined for a first order linear differential equation in the time-
dependent variable y(¢). The right-hand side is time-dependent. When the left-hand side has
no time derivative term (a; = 0), the solution is trivial.

First a solution yx of the homogeneous differential equation is determined. Subsequently
one particular solution yp is determined. The general solution is the sum of the homogeneous
and the particular solution. Finally initial conditions are used to determine the integration
constants.

agy + a1y = box + bid:

Homogeneous solution

The homogeneous solution is the solution of the homogeneous differential equation, with the
right-hand side being zero. The solution is determined by separation of variables and appears
to be an exponential function. It comprises an integration constant C', which has to be
determined later, using the initial condition.

apy + a1y =0 —

d d
aoy + ald—zt/ =0 — Ey = —Z—(l) dt — integration —
d - _80 A _a
N ln(y):—@t—l—C — yu(t)=e Y e
Y ai ai

Particular solution

A particular solution of the differential equation is denoted as : yp = g(t)yy. Substitution
in the differential equation results in a differential equation for g(t), which can be solved by
integration over the time period [s t].

al



a2

yp=9()yn — aoy+ay=byx+bzt =
aogyH + a19yg + a19ym = boxr + b1z —

1 ag
a1gyg =bogr + b1t — g= (bo:l?—i—bli?) = —Cealt(boﬂf—l-bljj)

a1yH ai

:alc/eal (box + bi&) dT + g(s) —

t ag
yp = g(t)ym :a_ ¢"ar (- )(b0x+b1x) dr + Cg(s)e @1
1 Js

General solution

The general solution is the sum of the homogeneous and the particular solution. The initial
solutiion y(s) can be incorporated in the solution.

y(t) = yu(t) +ypr(t)

1 [t a0 g . —40y
= — e al (box + b1z) dT + {1+ g(s)}Ce @
1 Js
_ 4o 1 ¢
initial condition  y(s) = {1+ g(s)}Ce o’ {1+g(s)} = y(s)aeag

s

1 t a ag s
=~ [ m T g+ byi) dr - y(s)e e
1 Js

General solution for ¢y =0

When ag = 0, the general solution can be simplified and the first term in the integral can be
integrated by parts.

1 [t a0y g .
y(t) = - e ai (box + b12) dT + y(s)e ar
1 Js

o (t—s)

= ail/: (box + b1x) dT + y(s)
/de:/(t—T):th+(t—8)x(s)
bo t

= (t—7)bdr + — bo ( ):13(8)+b—1/ T dt + y(s)

ai Js ai a1

:/:{@(t—fﬂ-b }xd7+b (t —s)z(s) +y(s)

a a
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General solution for ag # 0

When ag # 0 the first term is also integrated by parts.

ag

1t _ao Lag
y(t):—/e a?(t )(boﬂi‘—l-bll') dT+y(S)€ al(t )

aj
1 [t _aoy .
— e ar (! )boasz
ai Js
1 t _20 . 1 t _%0y_r
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a0 b e
:@x(t)—@e_m(t ):E(S)—b—o/ e " dr
agp agp ap Js
a0 . t e,
:b_ozn(t)—b—oe_al(t )x(S)—b—O/ e ar (! ):i:dT—l-
agp agp ap Js
t ag _r _ao .
2—1 e i dr 4 y(s)e” @ )
1Js

t a a a,
= / {b—o + <b—1 — b—0> e_ﬁ(t_T)} T dr + bo <1 — e_ﬁ(t_s)> x(s) + y(s)e_ﬁ(t_s)
s Lao ay ao agp

A.1 General solutions for spring-dashpot models

The mechanical behavior of simple spring-dashpot elements is described by a first-order linear
differential equation. For strain and stress excitation, the response can be determined from
the general solution.

Maxwell with strain excitation

E

olt) = / {Eﬁ“‘”} () dr + a(s)e 7 )

Maxwell with stress excitation

néza—l—%d’ —

y=c;x=0 ;5 a=0;a=n;b=1;0b=

SIS
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Kelvin with strain excitation

c=Fe+n —
y=osx=¢c ; a=1;a=0;0=E;b=n

o(t) = Be(t) + né(t)

Kelvin with stress excitation

Fe+ne=0 —
y=c;x=0 ; a=FE;a=n;b=1;b0=0
E

t E -7 - —5 _E —5
E(t):%/ {1—6_77(t )}é’(T)dT-i-%(l—e 0t )>a(s)+€(s)e n (=)

Standard Solid with strain excitation

a+%d=Ema+%(Eoo+E)é o
y=o;xr=¢ ; aO—laal—%§b0:Eoo;bl_%(Eoo+E)

Standard Solid with stress excitation

Eoos+%(Eoo+E)é:a+%d —

y=e;r=0 ; aOZEoo;alz%(Eoo+E)§b0:1§b1:%
tq { E —M(t—ﬂ

et)= [ =— 41— —=——=¢€ 1E=tE) }dT dr +

®) /SEOO Ex+ FE (7)

BoE o)
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