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Nonlinear Elasticity,
Plasticity, and Viscoelasticity

The soft-minded man always fears change. He feels security in the status quo, and he has an
almost morbid fear of the new. For him, the greatest pain is the pain of a new idea.

——— Dr. Martin Luther King, Jr.

12.1 Introduction

Recall that nonlinearities arise from two independent sources. (1) Nonlinear-
ity due to changes in the geometry or position of the material particles of a
continuum, which is called the geometric nonlinearity. (2) Nonlinearity due to
the nonlinear material behavior, which is called material nonlinearity. In solid
mechanics, the geometric nonlinearity arises from large strains and/or large
rotations, and these enter the formulation through the strain—displacement re-
lations as well as the equations of motion. In fluid mechanics and coupled fluid
flow and heat transfer, the geometric nonlinearity arises as a result of the spa-
tial (or Eulerian) description of motion and they enter the equations of motion
through material time derivative term. Material nonlinearity in all disciplines of
engineering arise from nonlinear relationship between the kinetic and kinematic
variables, for example, stress—strain relations, heat flux—temperature gradient
relations, and so on. In general, material nonlinearities arise due to the material
parameters (e.g. moduli, viscosity, conductivity, etc.) being functions of strains
(or their rates), temperature, and other basic variables.

The finite element formulations presented in the previous chapters were
largely based on geometric nonlinearity. However, the nonlinearity in the one-
and two-dimensional field problems discussed in Chapters 4 and 6 could have
come from either sources. In this chapter, material nonlinear formulations are
given attention. This field is very broad and special books are devoted to various
types of nonlinearities (e.g. plasticity, viscoelasticity, and non-Newtonian ma-
terials). The objective of this chapter is to briefly discuss nonlinear elastic and
elastic—plastic material models for solids, finite element models of viscoelastic
beams with the von Karman nonlinearity, and the power-law model for viscous
incompressible fluids.

J.N. Reddy, An Introduction to Nonlinear Finite Element Analysis, Second Edition. ©J.N.
Reddy 2015. Published in 2015 by Oxford University Press.
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12.2 Nonlinear Elastic Problems

Materials for which the constitutive behavior is only a function of the current
state of deformation are known as elastic. In the special case in which the work
done by the stresses during a deformation is dependent only on the initial state
and the current configuration, the material is called hyperelastic, that is, there
exists a strain energy density potential Up(E;;) such that

Uy

Sij = OE;,

(12.2.1)

where S;; ard E;; are the components of the second Piola—Kirchhoff stress
tensor and Green—Lagrange strain tensor, respectively. When Uj is a nonlinear
function of the strains, the body is said to be nonlinearly elastic. A nonlinearly
elastic material has the following features: (a) Up is a nonlinear function of
strains, (b) all of the deformation is recoverable on removal of loads causing the
deformation, and (c) there is no loss of energy (i.e. loading and unloading is
along the same stress—strain path; see Fig. 12.2.1).

Here we consider a one-dimensional problem to discuss the finite element
formulation of a nonlinear elastic material for the case of kinematically in-
finitesimal strains, for which we have o, = S;; and €., = E,,. Consider the
nonlinear uniaxial stress—strain relation

Oze = B F(ezz) (12.2.2)

where e, is the infinitesimal strain, F is a material constant, and F is a
nonlinear function of the strain.

The virtual work expression for the axial deformation of a bar made of a
nonlinear elastic material is

Ty Tp
0= / / Or30Eze dxdA — / fou dx — Pyou(z,) — Py ou(xyp)
AJdxg Ta
Tp
= / [EA F(egy)0ery — fou] de — Pfou(z,) — Pyou(wp) (12.2.3)

where P? are the nodal forces. The residual vector for the finite element model

is
dwe

xp
Re = / [EA Flew)®
Za

where 1){ are the Lagrange interpolation functions. The tangent stiffness matrix
coefficients are computed using the relation

. 8R€ o OF Oegy dif B b
Tij = = B4 / O€aa 8u dx v=FEA /xa <

fwe] dz — (12.2.4)

dr dz
(12.2.5)

) dip¢ dwj

O€aa

where small strain assumption is used in arriving at the last step.
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Fig. 12.2.1: A nonlinear elastic stress—strain curve.

An example of the nonlinear elastic response is provided by the Romberg—
Osgood model
F(eaz) = (€22)" 88;;
where n > 0 is a material parameter. The value of n = 1 yields the linear elastic
case. This discussion can be extended to beams, plates, and multi-dimensional
cases, where F = F(g;;).

= (eg0)" " (12.2.6)

12.3 Small Deformation Theory of Plasticity
12.3.1 Introduction

Plasticity refers to non-recoverable deformation and non-unique stress paths in
contrast to nonlinear elasticity, where the entire load—deflection path is unique
and the strains are recovered on load removal. The mathematical theory of
plasticity is of a phenomenological nature on the macroscopic scale and the
objective of the theory is to provide a theoretical description of the relationship
between stress and strain for a material that exhibits an elastic—plastic response
(see [285-290]; in particular, see pp. 26—29 for one-dimensional bar problems,
pp. 129-148 for one-dimensional Timoshenko beams, and pp. 215-281 for
two-dimensional problems in [289]). The plastic behavior is characterized by
irreversibility of stress paths and the development of permanent (i.e. non-
recoverable) deformation (or strain), known as yielding (or plastic flow).

If uniaxial behavior of a material is considered, a nonlinear stress—strain
relationship on loading alone does not determine if nonlinear elastic or plastic
behavior is exhibited. Unloading part of the curve determines if it is elastic or
plastic [see Figs. 12.3.1(a) and (b)]; the elastic material follows the same path
in loading and unloading, while the plastic material shows a history-dependent
path unloading.
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Fig. 12.3.1: Stress—strain behavior of (a) ideal plasticity and (b) strain-hardening
plasticity.

The theory of plasticity deals with an analytical description of the stress—
strain relations of a deformed body after a part or all of the body has yielded.
The stress—strain relations must contain:

1. The elastic stress—strain relations.
2. The stress condition (or yield criterion) which indicates onset of yielding.

3. The stress—strain or stress—strain increment relations after the onset of
plastic flow.

12.3.2 1Ideal Plasticity

Many materials exhibit an ideal plastic (or elastic-perfectly-plastic) behavior,
as shown in Fig. 12.3.1(a). In this case, there exists a limiting stress, called
yield stress, denoted by oy, at which the strains are indeterminate. For all
stresses below the yield stress, a linear (or nonlinear) stress—strain relation is

assumed:

0;j < oy linear elastic behavior (12.3.1)
oij > oy plastic deformation (not recoverable) o
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12.3.3 Strain-Hardening Plasticity

A hardening plastic material model provides a refinement of the ideal plastic
material model. In this model, it is assumed that the yield stress depends on
some parameter k (e.g. plastic strain eP), called the hardening parameter. The
general yield criterion is expressed in the form

F(O’ij, Ku) =0 (12.3.2)

This yield criterion can be viewed as a surface in the stress space, with the
position of the surface dependent on the instantaneous value of the hardening
parameter . Since any yield criterion should be independent of the orientation
of the coordinate system used, F' should be a function of the stress invariants
only. Experimental observations indicate that plastic deformation in metals is
independent of hydrostatic pressure. Therefore, F must be a function of the
stress invariants of the deviatoric stress tensor o’

1 1
F(J3, T3 5) =0, Jy = ~oy07, Jy = -0}0504 (12.3.3)

Two of the most commonly used yield criteria are given next.

The Tresca yield criterion

F=25cos0—-Y(k)=0, o=4/J} (12.3.4)
The Huber—von Mises yield criterion
F=,/3J5-Y(k)=0 (12.3.5)

where Y is the yield stress from uniaxial tests, 8 is the angle between the line
of pure shear and the principal stress o1, and ¢ = \/JZ is called the effective
stress.

After initial yielding, the stress level at which further plastic deformation
occurs may be dependent on the current degree of plastic straining, known as
strain hardening. Thus, the yield surface will vary (i.e. expand) at each stage
of plastic deformation. When the yield surface is independent of the degree
of plasticity, the material is said to be ideally (or perfectly) plastic. If the
subsequent yield surfaces are a uniform expansion of the original yield surface,
the hardening model is said to be isotropic. On the other hand, if the subsequent
yield surfaces preserve their shape and orientation but translate in the stress
space, kinematic hardening is said to take place.

Consider the uniaxial stress—strain curve shown in Fig. 12.3.2. The behavior
is initially linear elastic with slope E (Young’s modulus) until onset of yielding
at the uniaxial yield stress oy. Thereafter, the material response is elastic—
plastic with the local tangent to the curve, E7, called the elastic—plastic tangent
modulus, continually changing.
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At some stress level ¢ in the plastic range, if the load is increased to induce
a stress of do, it results in a corresponding strain de. This increment of strain
contains two parts: elastic de® (recoverable) and plastic deP (non-recoverable):

do do
de =de® +deP, de*=—, —=F 12.3.6
€ ¢ + deP, e T T ( )

The strain-hardening parameter, H, is defined by

do

do de ET
= = = 12.3.7
oI E g e
The element stiffness for the linear elastic portion is, say K*:
xp
K¢ :/ B'D°B dx (12.3.8)
Ta

where D€ is the linear elasticity matrix (D¢ = E for the uniaxial case). When
the element deforms plastically, D¢ reflects the decreased stiffness. This is
computed, for uniaxial material behavior, by the following procedure: The
increment in load dF' causes an incremental displacement du

du = hede = h (de® + de?), dF = Ado = A H deP (12.3.9)

where h, is the length and A, the area of cross-section of the element. The
effective stiffness is
gep — @ _ A H deP _ FA, B F
du  he (de® + deP) he (E+ H)

(12.3.10)

Stress
A

1

Slope E, = Elastic—plastic
tangent modulus

7 /
__________________ P NI A
K //>/
.............. P
j / —>  |le— —>| dﬁp
// < >
dcp I// / dg
1/ dee
Oy
E

» Strain

Fig. 12.3.2: A strain-hardening plastic behavior for the uniaxial case.
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The element stiffness for the plastic range becomes,
)
K :/ B'DB dx (12.3.11)
Ta

where [DP] is the material stiffness in the plastic range. For uniaxial case
D = E°P.

Equation (12.3.8) is valid when o < oy and Eq. (12.3.11) is valid for o > oy-.
Note that do = ¢ — oy when o > oy.

12.3.4 Elastic—Plastic Analysis of a Bar

Here we present a detailed computational procedure for the analysis of an
elastic—plastic problem. The procedure is described via a one-dimensional
elastic—plastic bar problem. We shall consider a linear strain-hardening ma-
terial subjected to an increasing uniaxial load.

12.3.4.1 Update of stresses

At a load-step number r where the deformation is elastic, the stress in a typical
element with the strain increment Ae” can be readily updated as

r=o" Y 4 BAe (12.3.12)

g; i

where E; is the elastic modulus of element . This linear elastic behavior will
continue until a point where the resulting strain increment will initiate plastic
yielding of the material. Now the updating of the stress in the element is not as
straightforward as given in Eq. (12.3.12), and it can get complicated when the
deformation is partly elastic and partly elastic—plastic, as shown from point A
to point B in the stress—strain curve of Fig. 12.3.3.

To update the stress state from point A to point B, one can first assume
that the deformation is elastic and compute the corresponding elastic stress,
commonly referred to as the elastic stress predictor. Using Eq. (12.3.12), the
elastic stress predictor o, can be calculated as

Oei = UZ-(T_l) + E;A¢gj (no sum on 17) (12.3.13)

Computing the elastic stress predictor brings the stress state from point A to
point A’. A correction is made to transfer the stress state back to the elastic—
plastic state at point B. We introduce a correction factor R (see Fig. 12.3.3)

Oci — Oy

O_Z(r—l)

R= (12.3.14)

Oei —

so that the stress at point B can be written as

of = 0"V 4 [(1 - R)E; + RE7] Ae” (12.3.15)

% 7
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Here E7 denotes the elastic—plastic tangent modulus, which is related to the
elastic modulus E and strain-hardening parameter H by Eq. (12.3.7). In the
case where the element has already yielded in previous load steps, as illustrated
by point C in Fig. 12.3.3, the approach of determining the elastic stress predictor
and making correction to the stress state at point D still applies with R = 1 in
Eq. (12.3.15):

=o"V 4 EpAel (12.3.16)

‘s
g;

12.3.4.2 Update of plastic strain

The extent of plastic flow in a deformed material can be readily characterized
by the measure of plastic strain. To determine the plastic strain in an element
at point B of Fig. 12.3.3, it will be useful to rewrite Eq. (12.3.15) as

Equation (12.3.17) can be interpreted as that adjusts the stress state at
point A to the yield stress before predicting the elastic stress and its correction.
This will allow one to isolate the stress component Ao and strain R Ae] that
are involved in the plastic flow. With Eq. (12.3.6), the plastic strain increment
is

Ao} Er
=(1—-—=— ) RAe 12.3.18
Equation (12.3.18) can also be used for elements that have already yielded in
previous load steps by setting R = 1.

A{‘:Zi = RA&: -

c g
O-ei" A’,Q :
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Fig. 12.3.3: Transition of elastic to elastic—plastic behavior.

12.3.4.3 Update of yield stress limit

Besides assessing the extent of plastic deformation, the measure of the plastic
strain will become especially crucial for strain-hardening materials where the
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yield limit is a function of the plastic strain. A plot of yield limit against
the plastic strain for a typical linear strain-hardening material is shown in
Fig. 12.3.4. Once the plastic strain occurs, the yield limit will be modified and

updated as

Fig. 12.3.4: Stress—strain behavior of a strain-hardening material.

12.3.4.4 Identification of deformation modes

The updated yield limit will come in handy when one is to check the type of
deformation an element is undergoing. Once the correct type of deformation is
identified, the stress and strain values can then be updated according to Egs.
(12.3.15) and (12.3.18). There are four types of deformation:

(a) Elastic Loading: (an element that has not yielded previously continues to
deform elastically)

o7t < \0;-_1 and |oe| < ]a;i_l (12.3.20a)
(b) Elastic—plastic Loading: (an element that has not yielded previously will
deform elastic—plastically)
s |0:Z;1 and |og| > \0;;1 (12.3.20b)
(¢c) Plastic Loading: (an element that previously yielded will continue to de-
form plastically)
ot > ’O’;i_l and |ogi| > o7 (12.3.20c)

(d) Elastic Unloading: (an element previously yielded is now unloading elas-

tically)
ol Y > Joy | and  oe| < |0} (12.3.20d)
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12.3.4.5 Force equilibrium

Since the displacement finite element model is based on the principle of vir-
tual displacements, the solution satisfies the equilibrium equations, provided
the deformation is linearly elastic. However, in the finite element analysis of
elastic—plastic problems equilibrium equations may not be satisfied during the
period when stresses are adjusted to account for plastic strains. Adjustments
must be made to achieve equilibrium at each step by redistributing the forces
neighboring elements.

For example, consider a node NV at the interface of element ¢ that has yielded
and the adjacent element i+ 1 that is still elastic (see Fig. 12.3.5). At this node,
the force equilibrium will be violated during the analysis because the force in
element 7 is limited such that the stress in the element does not exceed the yield
stress. The difference between the force calculated using the elastic analysis and
the plastic force must now be taken up by all other elastic elements in the mesh.
Thus to restore equilibrium of forces, a force correction must be made at the
node N:

AF=F,— Fy1 — Fy (12.3.21)

However, to preserve the finite element equations of the original problem (to
retain the same forces in other unaffected elements), the force correction cannot
be imposed as a nodal force. Instead, the force correction may be applied as a

nodal displacement
AF L;

ErA;
where L; and A; are the length and cross-sectional area of element ¢. This
correction procedure will continue until force equilibrium at all nodes is restored,
within an acceptable error of tolerance. Figure 12.3.6 contains the flow chart
of various steps in the elastic—plastic analysis of a typical problem.

Ausy = (12.3.22)

— AF

—F)y

N

Fig. 12.3.5: Force equilibrium at node V.

12.3.4.6 A numerical example

Consider a bar of length 5 m that is fixed at one end and is subjected to a
uniform body force f. The material properties of the bar are taken as

E=10*N/m? A=1m? o,=5N/m>, H=10°N/m?
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Fig. 12.3.6: Flow chart for elastic—plastic analysis of a bar.

The bar is discretized using a mesh of five linear elements. The elastic—
plastic iterative scheme discussed in this section was implemented and the re-
sults are presented in Tables 12.3.1 and 12.3.2. At the start of the analysis
when elements are still elastic, a nominal body force of 0.005 N/m was imposed
to find the maximum stress induced in the elements. The critical load F, for
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Table 12.3.1: Nodal displacements for various load steps.

Body force f Node no. Nodal displacement*

0.0050 2 2.2500x107¢
3 4.0000x107°
4 5.2500%10~¢
5 6.0000x10~¢
6

6.2500%x 1076

5.0000x10~*
8.8889x 104
1.1667x1073
1.3333%x1073
1.3889x1073

1.1111

S U W N

1.1161 5.2475%x107 (5.2475x107%)
9.1539x107* (9.1539x10™%)
1.1944x 1073 (1.1944x1072)
1.3618x1073 (1.3618x10™?)
3
)

1.4176x1073

S T W N

1.4176x10~

4.9525%x1072
8.8044x1072

10.0050 2
3
4 1.1556x 107!
5
6

4.4525%x1072)
7.8044x1072)
1.0056x1071)
1.1207x1071)

Y

1.1257x10™

1.3207x107!
1.3257x107!

Py —_—

* Values in parentheses are corrected to satisfy force equilibrium at each node.

the first element to yield was computed from this maximum element stress and
is imposed in the next load-step:

oy f
max|o;|’

Fo = i1=1,2,--- N (12.3.23)
Here i is the element number and NV is the total number of un-yielded elements.
In the new load-step where f is 1.1111 N/m, the computed results reveal that
the first element (element 1 in this example) had just yielded; up to this point,
the analysis is still elastic. Then another nominal body force of 0.005 N/m is
added to calculate the critical load for the next element to yield. The stiff-
ness of the yielded Element 1 is reduced in this load-step and the results in
Table 12.3.2 indicate a violation of force equilibrium at the nodes connecting
the yielded element, except for the node that is fixed. Corrections to the nodal
displacements were made until equilibrium was satisfied at all nodes. Only
then, the critical load for the next element to yield could be calculated and the
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Table 12.3.2: Element stresses and strains for various load steps.

Body force  Element Total strain Plastic strain  Bar force

f number € €p |F| =0A

0.0050 1 2.2500x 1076 0 0.0225
2 1.7500x 10~ 0 0.0175

3 1.2500%x107° 0 0.0125

4 0.7500x10~¢ 0 0.0075

5 0.2500x10~¢ 0 0.0025

1.1111 1% 5.0000x10~* 0 5.0000
2 3.8889x10~* 0 3.8889

3 2.7778%x107* 0 2.7778

4 1.6667x107* 0 1.6667

5 0.5556x10~* 0 0.5556

1.1161 1 5.5248x107*  4.5680x107%  9.5680
2 3.9064x10~4 0 3.9064

3 2.7903x10~* 0 2.7903

4 1.6742x10* 0 1.6742

5 0.5581x10~* 0 0.5581

Corrected 1 5.2475x107%  0.2250%x107% 5.0225
to satisfy 2 3.9064x10~4 0 3.9064
force 3 2.7903x10~* 0 2.7903
equilibrium 4 1.6742x107% 0 1.6742
5 0.5581x10~* 0 0.5581

10.0050 1 4.9525x1072  4.4568x1072  49.5680
2 3.8519x1072  3.4563x1072  39.5630

3 2.7514x1072  2.4558x1072  29.5580

4 1.6508x1072  1.4553x10”2  19.5530
5 0.5503x1072  0.4548x 1072 9.5480

Corrected 1 4.4525x1072  4.0023x1072  45.0225
to satisfy 2 3.3519x10~2  3.0018x1072  35.0175
force 3 2.2514x1072  2.0013x1072  25.0125
equilibrium 4 1.1508x1072  1.0008x10~2  15.0075
5 5.0275x107*  0.0025x10~4 5.0025

* Element just yielded at that load step.

procedure is repeated until all elements yield. Reaction forces at the fixed end
of the bar against the free-end displacements are plotted in Fig. 12.3.7, to-
gether with the results from the commercial finite element software ABAQUS.
There is a very good agreement with the solutions generated by the iterative
scheme discussed and those obtained with ABAQUS. A 20-element mesh also
produced results identical to those in Fig. 12.3.7; the results are also verified us-
ing ABAQUS. Figure 12.3.8 contains the true stress—strain diagram of Element
1, where one may note that the elastic—plastic material curve is recovered.
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Fig. 12.3.7: Reaction forces versus nodal displacements at bar end.
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Fig. 12.3.8: True stress—strain curve of Element 1.

This completes a discussion of the elastic—plastic finite element models of
one-dimensional problems. Extension of the ideas discussed here can be ex-
tended to beams and plates. The book by Owen and Hinton [289] provides
the necessary theoretical formulations and computer programs for interested
readers (also see [290]).
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12.4 Nonlinear Viscoelastic Analysis of the
Euler—Bernoulli and Timoshenko Beams

12.4.1 Introduction

There are many engineering materials that cannot be adequately modeled using
the classical elasticity formulation. One category of such materials is the set
of viscoelastic materials, examples of which include polymers, concrete struc-
tures and metals at elevated temperatures. The theoretical foundations for
viscoelasticity are well established [3, 291-295]. Analytical methods have been
employed successfully in the study of the mechanical response of viscoelastic
continua. The Laplace transform method was employed by Fliigge [291] in the
analysis of viscoelastic beams. The correspondence principle has also been used
by Christensen [292] and Findley, Lai, and Onaran [296] to convert linear elas-
ticity solutions into viscoelasticity solutions through the use of integral trans-
formations [3]. Analytical solutions based on the Laplace transform method
or correspondence principle, however, are limited to linear problems with very
simple geometric configurations, boundary conditions, and material models.

Numerical methods provide a powerful framework for obtaining approximate
solutions to viscoelasticity problems. In particular, the finite element method
has been employed successfully in the analysis of viscoelastic bodies by many
researchers. Taylor, Pister, and Goudreau [297] used the finite element method
in conjunction with a recurrence relation to solve viscoelasticity problems such
that data from only the previous time step (as opposed to the entire defor-
mation history) is needed in determining a body’s configuration at the current
time step. Oden and Armstrong [298] developed a finite element framework for
thermoviscoelasticity and presented numerical solutions to thick-walled cylin-
der problems with time-dependent boundary conditions. In their work, they
extended the recurrence formulation to nonlinear problems. Additional general
finite element formulations for viscoelastic continua can be found in [299-302].

Although three-dimensional finite element formulations are applicable to
continua in general, it is often computationally advantageous to specialize these
models to structural elements such as beams, plates, and shells. There are a
variety of finite element models in the literature for viscoelastic beams. Most
of these models employ some form of either the Euler—Bernoulli or Timoshenko
beam theories. The major challenges encountered in any viscoelastic finite
element formulation are due to the viscoelastic constitutive equations, often
expressed in convolution form. Rencis, Saigal, and Jong [303] presented a simple
Fuler—Bernoulli beam finite element model using an incremental approach. In
their analysis, the viscoelastic convolution integrals are replaced by creep strain
increments in the form of fictitious body forces.

The Laplace transform approach has been employed by several researchers
[304-306] in conjunction with the finite element method. Chen [304] successfully
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analyzed viscoelastic Timoshenko beams by converting the time-dependent and
convolution form of the finite element equations into a set of algebraic equations
in s space. The solution in the time domain was determined through a numerical
inversion of the Laplace transform. In his analysis, Chen assumed that the
Poisson ratio is constant. This assumption is consistent with the findings of
Zheng-you, Gen-guo, and Chang-jun [307], who presented analytical solutions
for Timoshenko beams with time-dependent and time-independent Poisson’s
ratios. Akoz and Kadioglu [305] presented two Timoshenko beam finite elements
using the Laplace—Carson method and a mixed formulation. As in the work by
Chen [304], the finite element formulations require numerical inversion from the
Laplace—Carson domain back to the time domain. Temel, Calim, and Tiitiincii
[306] studied the viscoelastic deformation of cylindrical helical rods using the
Timoshenko beam hypotheses. Solutions obtained in the Laplace domain were
transformed to the time domain through the inverse Laplace transform method.

The Fourier transform method has also been used in the finite element
formulation of viscoelastic beams. Chen and Chan [308] developed finite ele-
ment formulations for beams, plates, and shells, and used the Fourier transform
approach to reduce the time dependent formulations into equations in the fre-
quency domain for generalized eigenvalues.

The anelastic displacement formulation (ADN) has also been employed in
the analysis of viscoelastic beams. Trindade, Benjeddou, and Ohayon [309] used
the ADN approach in the analysis of sandwich beams with viscoelastic cores.
In their formulation, they employed the Euler-Bernoulli beam theory for the
outer faces and the Timoshenko beam theory for the inner viscoelastic core.
Palfalvi [310] also employed the ADN formulation in the analysis of viscoelastic
Euler-Bernoulli beams.

An additional method for circumventing challenges associated with the con-
volution integral is the Golla—Hughes—McTavish (GHM) method. The method
is described in the publications by McTavish and Hughes [311, 312]. In the
GHM method, the Laplace transform approach is used to convert the viscoelas-
tic time-dependent equations into the Laplace domain. An auxiliary coordinate
(or dissipation coordinate) is also introduced. The equations are then converted
into an equivalent set of equations in the time domain that bears a standard
dynamics form without any convolution integrals. The GHM method was used
successfully by Balamurugan and Narayanan [313, 314] in the transient finite
element analysis of Timoshenko beams possessing viscoelastic layers.

It has been noted that when the relaxation moduli can be expressed as a
Prony series, the linear viscoelastic constitutive equations in convolution form
can be expressed as an equivalent set of ordinary differential equations in terms
of a collection of internal strain variables. Johnson, Tessler, and Dambach [315]
applied this approach to the analysis of high-order viscoelastic beams where
the effects of shear deformation and transverse extensions were included in the
formulation. This method has also been employed by Austin and Inman [316].
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Finite element formulations for Euler-Bernoulli and Timoshenko beams
have also been formulated using the fractional derivative viscoelastic consti-
tutive model by Galucio, Deii, and Ohayon, [317] in the analysis of sandwich
beam structures. Ranzi and Zona [318] analyzed a composite steel-concrete
beam structure via the finite element method using an elastic formulation for
the steel and a viscoelastic constitutive relation for the concrete. The Timo-
shenko beam theory was used for the steel and Euler—-Bernoulli beam theory for
the concrete. In their formulation, the trapezoidal rule was employed to replace
the convolution integral with a summation of quantities.

The viscoelastic beam finite element formulations reviewed above are re-
stricted to infinitesimal strain and small deformation analysis. As a result,
these models are unable to account for nonlinear geometric effects that can be
significant when loads are sufficiently large. Recently, Payette and Reddy [319,
320], Vallala, Payette, and Reddy [321], and Vallala, Ruimi, and Reddy [322]
presented quasi-static finite element formulations for Euler—Bernoulli (EBT),
Timoshenko (TBT), and Reddy (RBT) beam theories with linear viscoelastic
material properties.

In this section, following the work of Payette and Reddy [319], weak-form
finite element models for the nonlinear quasi-static analysis of initially straight
viscoelastic Euler—Bernoulli and Timoshenko beams are presented using the
principle of virtual work. The mechanical properties of the beams are consid-
ered to be linear viscoelastic. However, large transverse displacements, moder-
ate rotations, and small strains are allowed by retaining the von Kdrmdn strain
components of the simplified Green—Lagrange strain tensor in the formulation.
The fully-discretized finite element equations are developed using the trape-
zoidal rule in conjunction with a two-point recurrence relation. The resulting
finite element equations, therefore, necessitate data storage from the previous
time step only, and not the entire deformation history. Membrane locking is
eliminated from the Euler-Bernoulli formulation through the use of selective
reduced Gauss—Legendre quadrature. Membrane and shear locking are both
circumvented in the Timoshenko beam finite element by employing a family of
high-order Lagrange polynomials. A Newton iterative scheme is used to solve
the nonlinear finite element equations.

12.4.2 Governing Equations
12.4.2.1 Displacement and strain fields

There are a number of theories that are used to represent the kinematics for the
deflection of beams (see Reddy [323] for a review of the beam theories), and two
of them, namely, the Euler-Bernoulli beam theory (EBT) and the Timoshenko
beam theory (TBT), were discussed in detail in Chapter 5. For the sake of
ready reference, here we review the kinematics of the two beam theories.
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The Euler-Bernoulli beam theory is based on the following displacement
field:

uy (x,2,t) = u(z,t) — za—w

oz (12.4.1)
us (x,z,t) = w(x,t)

where u is the axial deflection of the mid-plane (z,0) of the beam, and w
represents the transverse deflection of the mid-plane. The z-coordinate is taken
along the beam length, and the z-coordinate along the thickness direction of
the beam. Deformation is therefore confined to the zz-plane. The Euler—
Bernoulli displacement field implies that straight lines orthogonal to the mid-
surface before deformation remain so after deformation. The nonzero strain
component for the Euler—Bernoulli beam theory can be expressed as

ou 1 [0w)? 0w
o — o () 20 12.4.2
c or = 2 ( Oz ) “ a2 ( )
The Timoshenko beam theory is based on the displacement field
uy (x,2,t) = u(x,t) + 26, (x,t) (12.4.3)

where ¢, denotes the rotation of a transverse normal about the y axis. The
nonzero strain components for the Timoshenko theory are

ou 1<8w>2 Oy
Exz = 57— + +z

T
fYﬁZ - x a:E

12.4.2.2 Linear viscoelastic constitutive equations

For linear viscoelastic materials, the one-dimensional constitutive equations re-
lating the components of the second Piola—Kirchhoff stress tensor o and the
Green—Lagrange strain tensor € may be expressed in the following integral
forms:

e (%,8) = E (0) 2an (3, ) + /0 E(t—8)ene (x,5)ds  (1245)
e (3,) = G (0) s (3, ) + /0 Gt —8)vme (x,5)ds  (12.46)

where E(t) and G(t) are the relaxation moduli. The specific forms of E(t) and
G(t) will in general depend upon the material model employed. For the present
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analysis we assume that E(t) and G(t) can be expressed in terms of a Prony
series of order n as

_t _t
E G

E(t)=Eo+Y Ee 7, Gt)=Go+» Gie " (12.4.7)
i=1 i=1

It is important to note that the integral constitutive equations given in Egs.
(12.4.5) and (12.4.6) above are only valid for materials with bounded creep re-
sponse. In addition the present constitutive models assume that a discontinuity
exits in the response only at ¢t = 0.

12.4.3 Weak Forms

The finite element models of the Euler—Bernoulli and Timoshenko beam theories
in the present work are developed by applying the principle of virtual work (or
principle of virtual displacements) to a typical beam finite element. In our finite
element formulation we discretize the computational domain © = [0, L] into a
set of N non-overlapping subdomains Q¢ = [z¢, z§], such that Q = [JY, Q°.
The quasi-static form of the virtual work expression can be expressed over the
volume V¢ = A€ x Q€ of a typical finite element as

/b/ (be:0 —6u-f)dAdzr — ¢ du-tds=0 (12.4.8)
2173 € Te

where A€ is the cross-sectional area of a typical beam element, ' = 9V ¢ and ¢
is the variational operator. The additional quantities f and t are the body force
and traction vectors, respectively. Equation (12.4.8) is the weak form of the
classical Euler equations of motion for a continuous body. It is this expression
that will be used in the development of our finite element models for each beam
theory.

12.4.3.1 The Euler—Bernoulli beam theory

The virtual work principle results in the weak forms of the Euler—Bernoulli
beam equations. The variational problem for the EBT is to find (u,w) €
H' (Q°) x H? (Q°) for all (6u,dw) € H' (Q°) x H? (Q°), where H™ (°) is the
Hilbert space of order m, such that

0= /‘:b (%(ZLNM - f5u> dz — Q16u (x4) — Q46u () (12.4.9)

“ (00w dw 0%5w
0= La <8xaxNxx - WMJ}:U - q5w> dx — Q25w (xa)

—Q3 (_%ﬁu) — Q50w (z) — Qs (_8&0)

o (12.4.10)

T=xq T=x}
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where @; are the generalized nodal forces. In Egs. (12.4.9) and (12.4.10) and
throughout the rest of this section, f and ¢ are distributed axial and trans-
verse loads, respectively. In addition, A is the cross-sectional area and I is
the moment of inertia. For the sake of brevity we have dropped superscripts
e from quantities in the above equations and throughout the remainder of this
work. The internal normal force N,, and bending moment M,, in the above
equations can be expressed in terms of the displacements using the viscoelastic

u 1 (ow)*
Oor 2\ 0z

Qu(z,s) % (Wm>2] ds (12.4.11)

constitutive relations as

Nyo = E(0) A

t
+/0 E(t—s)A o o
0%w
TN s
. wilx,s

12.4.3.2 The Timoshenko beam theory

For the Timoshenko beam theory, the variational or weak form problem is to
find (u,w,¢,) € H (Q°) x H' (Q°¢) x H' (Q°) for all (6u, dw, 5¢,) € H' (Q2°) x
H' (Q°) x H' (Q°) such that

0= /xb <aai?N:cl‘ —du f> dx — Qléu (LUQ) — Q45u (xb) (12413)
a —Q20w () — Q50w (xp) (12.4.14)
0= / b <agixMﬂ + 5%%) dr — Q30¢, (24) — Qeds (1) (12.4.15)

In addition to the normal force N, and bending moment M., the TBT also ad-
mits a transverse shear force ),.. For the Timoshenko formulation, the internal
reactions can be expressed in terms of the generalized displacement components

as
N, =E(0)A @—i-l 67w i
e Oox 2\ 0Ox

2
5“23;8) +% <&”§?8)> ] ds (12.4.16)
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. 8(;596 b 8¢x (55, 5)
M., =F (0) I Or + /0 E (t — S) ITdS (12.4.17)

ow
Q= K,G(0) A (qsz + 8%)

+/0t KG(t—s)A <¢x (z,s) + awgz,s)) ds (12.4.18)

where K is the shear correction coefficient. This factor equates the shear energy
present in the TBT with what is calculated from the equilibrium equations of
elasticity. The quantities (); are the generalized nodal forces in the Timoshenko
beam finite element.

12.4.4 Semi-Discrete Finite Element Models

In this section we present the semi-discrete finite element models for the classical
and shear deformable beam theories. For each beam finite element formulation
the resulting nonlinear semi-discrete equations can be expressed in matrix form
as

t
KA + / KA(s)ds =F (12.4.19)
0

For each beam finite element formulation the matrices in Eq. (12.4.19) can be
expressed in the following partitioned forms:

K11 ... Klo Kll . Kla
K=| : ~ |, K=| : . (12.4.20)
Kol ... Koo Kal . Koza
A={AHT...anT F={FEHYT...(F)T}" (12.4.21)

where o = 2 for the Euler-Bernoulli beam theory and o = 3 for the Timoshenko
beam theory.

12.4.4.1 The Euler—Bernoulli beam finite element

For the EBT finite element model we introduce the following interpolation
scheme of the displacement field variables

2 4

w(z,t) =Y AL (@),  wzt= Y A0 (@) (124.22)

Jj=1 Jj=1

where Ajl- and A? are the generalized displacements at the nodes and wj(l) €

H!(Q°) and 1/13(2) € H?(Q°) are the linear Lagrange and Hermite cubic inter-
polation functions, respectively. The interpolation functions can be expressed
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with respect to the natural coordinate

e= 2@ (12.4.23)
hy
as
m_1q w_1

=509, =5 (149 (12.4.24)

B = -1, o =1y
1 k (12.4.25)

WP = - € +17 (- 2), P =T et

In the above equations and throughout the rest of this paper, h, = xp — x, is
the length of a given finite element. Inserting Eq. (12.4.22) into Egs. (12.4.9)
and (12.4.10) results in the semi-discrete finite element equations for the Euler—
Bernoulli beam theory. The resulting matrices can be determined by the fol-
lowing formulae [compare with Eq. (5.2.31)]:

x (1) (1)
11 _ b dwi d%’
Kij _/% E(O)A dr  de dx

(2)

1 1o ow\ dy!) dy;

K.1.2:K2.1:/ E(0)a2%) Wi Y5
veoo2n 2, (0) Ox ) dr dx de

Tp de(Q) d2¢(2)
22 _ 7 J
K —/z E0)I T2 a2 dx

e ow\?] dy® dy”
+2/% E(O)A((%) ] C—da
. Ty (1) oM
Kiljl = / E(t—s) Adg; jidx (12.4.26)
2)
- 1 [* /(. ow (z, s) dw(l) dy);
K2 =2 / E(t—s)A ’ i _J
Y2 < (t=s) Ox ) dr dx d
@ (2) JopD)
o [ (g, ow (z,s)\ dy,” dip;
K —/z (E (t—s)A D o ds dz

z 2) 2,,(2)
22 b dQT/Jz' d ¢j
K —/xa E({t—s)I 927 da? dx
1

@ /[, ) gop?
+/ (E(t_S)AE)waw(x,s)> doi” Wi

2 ox ox dr dx
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Fl = / "oV + Qo (z) + Quel ()

F2 = / ' g de + Qo (24) + Q50 () (12.4.27)

ad}i(Z) 8¢§2)
MR

It is important to note that nonlinear quantities in the stiffness coefficients
of Eq. (12.4.26) and throughout the remainder of this section are functions of
current time ¢ (as opposed to s), unless explicitly stated otherwise.

T=x)

12.4.4.2 The Timoshenko beam finite element

To construct the finite element model for the TBT, we approximate the depen-
dent variables using the following independent finite element interpolations:

u(z,t) = > Al (@)
j=1

w(z,t) = i A2 (1) (2) (12.4.28)
j=1

ou(r,t) = > ANB)Y ()
j=1

where ¢§a) € HY(Q°) (a = 1,2, 3) are Lagrange interpolation functions of degree
(p1—1), (p2—1), and (p3—1), respectively. The Lagrange interpolation functions
are defined as [2]

« « f _§
uO=1I", .. - 512 (12.4.29)

where £ is the value of £ at the kth node of a typical finite element. The
quantities A% (t) are once again the generalized displacements at the nodes.

Substituting Eq. (12.4.28) into Eqgs. (12.4.13)—(12.4.15), we obtain the semi-
discrete finite element equations (i.e. ordinary differential equations in time)
for the Timoshenko beam theory. The resulting matrices can be defined by the
following expressions [compare with Eq. (5.3.26)]:

T (1) (1)
K o (0) de dx dz

(2)
1 1 [ dwy dyp'M dip;
R ) J
Kij QKJz 2/33 (E(O)A 3x) dr dx de
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13 _ g3l _ j13 _ jo3l

K = /x af3E0 (a—w)z + K,G(0)] ay vy’

2 ox dr dx
ne
K2 =K = / K,G(0 ¢( )dx
33 ' dy® vy’ (3),,(3)
K / (B0 == + KGO0 A0 ) do
( ) 1/,( )
KH / E _ oty
t dx dx du
x 1) gop@ (12.4.30)
~12_1/ " Ow(z, s)\ diy;” A
Kij = 2 J.., (E(t s)4 ox ) dr dx da

x @) 7,51
N A ow (z, s)\ dip;” dip;
Kij _/wa (E(t s)4 ox ) dr dx dz

f@?:/sz(lE’(ts)&”aw(x’8>+KSG(ts)) avy? &5

K 2 or Oz dr dr
z (2)
N ~ b di!
Kz?j3 = K?f = K.G(t—s)A 71/;; ¢](-3)d:13

R A ) dy” : (3),,(3)
i3 :/x (B -1 S 4 K G- 9)AvP o )do

Fil - /xb wz‘(l)fdl’ + Qlwz(l) (Ta) + Q4¢z§1) ()

F? = / b ¢§2)qdaf + Qﬂ/’z@) (za) + Q5¢§2) () (12.4.31)
F? = Q™ (24) + Qevo® ()

12.4.5 Fully Discretized Finite Element Models
12.4.5.1 Time discretization using recurrence formulae

The fully discretized finite element equations are obtained by partitioning the
time interval [0, 7] C R of interest in the analysis into a set of N non-overlapping
subintervals such that

N
= U [t trs1] (12.4.32)
k=1
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The solution is obtained by solving an initial value problem within each subre-
gion [tk, tk+1], where the solution is known at ¢ = t;. The convolution integral
present in the semi-discrete finite element equations is approximated using the
trapezoidal rule within each time interval. A direct temporal integration, how-
ever, is computationally unattractive as it requires the need to store the entire
deformation history. When N is large, the computational time expended at
a given time step can become dominated by the evaluation of the convolution
integral.

In the present analysis we develop a recurrence formula for evaluating the
convolution terms that circumvents the need to explicitly store and use the
entire deformation history. The present formulation requires only the storage
of the generalized displacements and a set of internal variables evaluated at the
Gauss points, both from the previous time step only. In presenting the general
ideas we note that the convolution integral appearing in Eq. (12.4.19) can be
expressed as

tN ~ N-1 tk+1 B
/ [K]{A(s)}ds =) / [K]{A (s)}ds (12.4.33)
0 k=1 "tk

The recurrence formulation relies on the following multiplicative decomposition
of the relaxation moduli [324]

Atk
Etk+1—5 Ze lEl tp — $)

Atk

GtkH—S Ze o (ty — )

(12.4.34)

where Aty = tp11 — tx. The above equations hold since the relaxation moduli
are expressed in terms of Prony series. Equation (12.4.33) can be expressed in
index notation at an arbitrary time step t = t5 as

s—1 oty _ n NGP -
Xi(ts)=> 5 KijAj(s)ds =Y Y amX[™ (t,) (12.4.35)
k=1 =1 m=1

where «,, are parameters and Einstein’s summation convention is used. In
the above expression we have approximated each temporal integral using the
trapezoidal rule. As noted previously, Gauss quadrature is employed in evalu-
ation of f(ij, resulting in the summation over m (where NGP is the number of
Gauss points). In practice the above approximation is applied in the evaluation
of each temporal integral of the individual terms comprising each component
IN(ZJ-BA?(S). When applied to a specific term, the quantity X/ (t;) assumes the
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following possible forms:

Ats_1
Xim(t)=e T XM (te)
Ats—1
_2FlE(€_ ki gin(ts_l)Jrg;“(ts)) (12.4.36)
Atg_q
X"t =e T XI™(ts)
Atg_q
—2ry <6_TngZ” (ts—1) + g (ts)> (12.4.37)
where At s A .
I = Z_ITTEZ, If = 2_1;01 (12.4.38)

and Eq. (12.4.36) is used to approximate the integral of f(zjﬁ A]@ (s) involving
viscoelastic relaxation quantities. Likewise Eq. (12.4.37) is employed for quan-
tities involving shear terms. The specific forms of a,, and ¢! (¢s;) vary for
each component. The above equations represent recurrence formulae in terms
of the internal variables X!™ (t5) that bypass the need to store solution data
at every time step in the evaluation of Eq. (12.4.35). The present formulation
therefore requires the retention of {A (t,) } and X!™ (t;_1) only. We note that
Xlm () =0.

Using Eqgs. (12.4.35)—(12.4.37) we obtain the following set of finite element
equations for the generalized displacements at the current time step

(Kl {a}={r}—{el), (12.4.39)

where we have introduced the notation {A}S: {A(ts) }. The specific forms of

[I_( ]S and {Q}S for each beam theory are presented in the next section.

Next, we present formulae for determining the components of the fully dis-
cretized EBT and TBT finite element models. Formulae for determining the
tangent stiffness matrices arising from the Newton linearization of the finite
element equations are also provided.

12.4.5.2 The Euler—Bernoulli beam finite element

The additional matrices introduced in the fully discretized form of the EBT
finite element equations can be determined from the following formulae:

. 2 : (1) M)
RY = / <E(O)+At28_1E(0)> PR NN

dr dz

z 1) 3,,(2)
10 1/ b Atg_1 - ow di; d%
K;; = 2/, E(0)+ 5 E(0) A—ax i dx
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_ Ty Ats_ . ¢ di/’
K%IZ/M <E 0)+—; 1E(0)> <A8$) T ——da (12.4.40)

_ xp . 2,,(2) 42 (2)
K??:/ <E(0)+At281E(0)> JRa Y dz

" dx? dz?

1o Aty ;- dy® dy?
+2/xa (E(O)+ 2 E(O)>A<8x) dr dr °

The components of the viscoelastic force vector {Q}S can be expressed as
(@'} ={'Q"1+{?Q0"}, {@*} ={'}+{@*}+{*Q°}  (12441)

where

(1)
: Ats dy") du;
Q) = B (Atyy) = / A=t du| Aj (t)
n NGP Aty
+> > e AKX (t) (12.4.42)
=1 m=1
2)
N n - Qw (2, te_y) dplD di);
Q; = LE Aty 1) / A (am ) S da A% (ts—1)
n NGP  Ats_y
+> > e AKX (t,) (12.4.43)
=1 m=1
(1)
~ : At o Ow (x,ts—1 d%@) di);
'Q7 = E (Ats_1) 21 /x A (833 )dx T—du| Aj (ts1)

n NGP Asl

- ow ( xm, s) 351
— X" (s 12.4.44
(2)
_ . At._ b d2¢.(2) d2yt
2”72 s—1 j 2
T = P I 7 A .
D= E(At) = /x T | Aj (t1)
n NGP _Atgq
Y D e T X () (12.4.45)
=1 m=1
(2)
0z Aty | [™ 0w (z,ts_1) Ow (z,ts_1) dip'® di);
Q7 = B (At ! / AT : i gr| A2 (4
i (Ats—1) 1 5 o o - dr| Aj (ts—1)

Y 0w (m, ts) 5 X (4, ) (12.4.46)
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The history terms 7 X! (t5) introduced in Eqgs. (12.4.42)-(12.4.46) can be ex-
pressed as

_ A (2 d¢(1) Tm — St
lem (ts) _ —QFIEA % dl(‘x ) Jd:E( ) e E Ajl (t571)+AJ1. (ts) W
7At571
+e TZE 1X2lm (t571) (12.4.47)
(M (2) =it
vim d¢1 Tm dd} (xm) aw xm,ts— - T
I () = T AT S R S A )
_Ats—l
(Ot )V 2R (24
) d (2) . dd}(}) T _ At
3Xllm (ts) _ —2FIEA % dl(‘flj ) ]dm( ) e E A} (ts—l) + Ajl (ts) W
_At571
1e T 3Xz{m(ts_1) (12.4.49)

AXP(ts) = —2Tf1

2p® () PO () [ 2L
17ij (l' ) wj ( ) e ‘rlE A?(ts_l)"FA?(ts) Wm

dx? dxz?

_Ats—l

+e T AXI () (12.4.50)

(2) At
v im d%(z) Tm d?,[) (:‘Cm) ow l‘m,tS, *%1
5X£ (ts) — _FlEA daE ) J - ( 8:E 1)6 lE A? (ts—l)

Ow (T, ts) o —Afgl 5 im

+TAj (ts) | Wi +e T °X™ (ts—1) (12.4.51)

where W,,, are the Gauss weights. In the evaluation of *X!™ it is necessary

to express the interpolation functions wi(a) and nonlinear quantities in terms
of the natural coordinate £. Einstein’s summation convention has been used
extensively on the j indices in the above formulae.

12.4.5.3 The Timoshenko beam finite element

For the Timoshenko beam theory, the additional matrices introduced in the
fully discrete form of the finite element equations can be expressed as

_ @y Aty dp® dyptV
Kl = / <E (0)+t21E(0)>A i W5,

dr dz

2
1 1w Aty 1 . ow dip\M) dip;
12 lpor 1 -1 Ow dy; ” 40
P = LK 2/% (E(0)+ . E(O))Aax o R
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713 _ o3l _

st [ 2 00) ()

d¢ 1/1
dx dac

+ K, (G (0) + %G’ (0))] — _dx (12.4.52)

K2 =K% = /xb <G (0) + —Atg‘lG( )) K, Aw VP da

17 7%
iy = " ({20 + Aot ) 27 405
KA 2 dr dx
+ <G (0) + Atglé(())) K Ay }dm

The components of the viscoelastic force vector {Q}s can be expressed as
@'}, ={'a"}+{PQ'}, {@’} ={'@’}+{Q}+{’¢"}
(@, = '@+ P+ P’ +{"e*}

where

(12.4.53)

_ ) b (1) oM
1Ql = E(At,_1) Als-t [/ Ad% 7% dz

1
2 dr dzx Aj (t-1)

+> N e T OIXIM (te) (12.4.54)

dx A2 (ts—l)

J

/% 40w (z,ts1) ayl) diyf?
e ox dr dx

+ > e T2 (te) (12.4.55)

dz

/% 0wt dyl? dfY

Al (ts
Ox dx dzx J(t )

n NGP At5 1

0 ms ts Flm
+Z:Ze o “’(;:8)3)(5 (ts_1) (12.4.56)

/xb A(?w (x,ts) Qw (z,ts—1) d@DZ@) d%@)
2o ox ox dr dx

d.%’] A? (ts—l)

n NGP Ats 1

+Y D e M X (ts) (12.4.57)
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=1 m=1
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2)
_ . Ats— qp
Q= K.G (Aty) = / Zx —L—da| A7 (t-1)
n NGP  Atg_,
+3 N e T OSXKIM (1) (12.4.58)
=1 m=1
4 A . A s 1 w@
Q? = K,G (Ats 1 / A—L—); A? (ts—l)
n NGP
D3PI Ed OXI™ (ts-1) (12.4.59)
=1 m=1
2)
_ . Atg_ Tp dy;
'Q} = KoG (Atyo) =5 / Aw?)d;dm] A (1)
n NGP  Atg_g
+ ) e TR () (12.4.60)
=1 m=1
(3)
—y Aty | [ dp® d;
2 3_ s—1 1 7 3
i =B (At1) — [/x el IOVECRRY
n NGP  Atg_g
+> ) e BRI (te) (12.4.61)
=1 m=1

_ . Th
3Q3 = K,G (Aty_1) Atg‘l [ / A¢§3)¢§3)da¢} A3 (ts-1)

+> N e T OOXKIM (1) (12.4.62)

The history terms 7 X/™ (¢,) introduced in Egs. (12.4.54)-(12.4.62) can be ex-
pressed as

) (@) S () -2

1vim _ E 1 T 1 1
XP™ (1) = —2rfa= — [e FAL(t1) + Al (ts)]Wm
_Ats—l
+e T OTXI () (12.4.63)
Ats 1 ( )
_ 1 - Ow (T, ts—1) dib; (xm) d¢ ( m)
2 lm _ _orE [t 2
Xi" (ts) = =21 A[Qe l D e A (ts-1)
(2)
10w (zp, ts) dd}z-(l) (zm) AV~ (Tm)
+§ ox dx dx A7 (ts)| W

Atg_q
E

+e T EXIM (¢, ) (12.4.64)
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A () A (@) p —2s2

Sxim(t,) = —2rF A o e LI AJ (tsm1) + A (ts) | W
te " BXIm (t,_4) (12.4.65)
X () = —rFAfe 2 te) dwf; ) d¢§2; ) a2 1)
2 (2
2 o) 007 o) 95 ) 1,
te F AXIm (4, ) (12.4.66)
SXIm (1) = —FFKSA‘W;fm) dwﬂ@;fm) (A? (1) + A2 (1)) Wy
te F SXIM (t,_y) (12.4.67)
6XI™ (t,) = —FFKSACWw§3) (m) [e_Ai?Gl A3 (te1) + A3 ()| Win
te F 6XIm (t,_1) (12.4.68)
X (1) = T K AYP) () Ch/’f(i)lf”” {e_AtTjG_lA? (ts1) + A3 (t) | Win
te o TXI (4,_q) (12.4.69)
3
SXIm(t,) = —2TF 1 d‘b’@;fm) ) ;fm) (e_AifE_lA? (tamt) + A3 () ) Wi
te " SXIm (¢, 4) (12.4.70)
XM (t,) = ~TE KA () 01 (2) (e‘Aif"'lA? (ts1) + A2 (t)) Win
te F IXIm (¢, 4) (12.4.71)

12.4.5.4 Solution of nonlinear equations using Newton’s method

The fully discretized finite element equations are nonlinear due to the inclusion
of the von Kdrmdn strains in the formulation. For our analysis we solve the
equations iteratively using the Newton linearization procedure. The resulting
linearized equations are of the form

O e A L (A e s Tl
(12.4.72)

where {A}y) represents the solution at the rth iteration and time ¢ = ;.
The tangent stiffness matrix [T}S in Eq. (12.4.72) is defined using Einstein’s
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summation notation as

5 P k n(y)

af [y aYe

o= W E E Kip Ag — Q5 (12.4.73)
J \r=1p=1

where k = 2 for the EBT and k = 3 for the TBT. All quantities in Eq. (12.4.73)
comprising the tangent stiffness matrix are formulated using the solution from
the (r — 1)th iteration. It is important to note that all partial derivatives are
taken with respect to the solution at the current time step.

Applying Newton’s method to the Euler-Bernoulli beam equations results
in the following component representation of the tangent stiffness matrix

11 _ 711 12 _ 57712 21 _ 721
T’ij _Kija Tij _2Kij7 T%j _Kij

22 7522 zb Atg_q @ 8710 2
o [ A (o ) [ (o

. 2 @) g
RSP [au<x,t51>+1(aw<m,tsl>) ”dw@ LA

ox 2 ox dr dx

n NGP  Atg_, dw@) (ZL' )
B 3 vim 5 yviIlm J m
+3 e ( XM (t,_1) + X! (ts_1)> — T (12.4.74)

Similarly, Newton’s method results in the following components of the tangent
stiffness matrix for the Timoshenko beam theory
11 711 12 21 12 13 31
Ty = K, Ty =Tj =2K;7, T =15 =0

23 _ m32 _ 23 33 _ 733
T =T = K5, T = Kjj

22 722 o Atg_q - Ou ow 2
T2 _Kij+/% A{<E(0)+ B0 |5+ (5

ou (z,ts—1) N 1 <8w (J:,ts_l))z] } dwz@) d%@)

ox 2 ox dr dx

Ate 1 -
s LE (Ats_q) [

+ dzx

n

NGP St . Ay (o)
+3 S e <3Xim (ts_1) + 41X (ts_l)) — (12475
=1 m=1

12.4.6 Numerical Results

The finite element formulations and procedures developed above are applied
to solve quasi-static nonlinear beam deflection problems. For each problem
considered, solutions using the EBT and TBT beam theories are compared. The



12.4. NONLINEAR VISCOELASTIC ANALYSIS OF BEAMS 33

nonlinear beam finite element equations are solved iteratively using the Newton
procedure as outlined in the Appendix 2. The solution at a given time step is
considered converged once the Euclidean norm of the relative error between
two consecutive solutions is less than a pre-selected tolerance. A tolerance of
e = 107% is used for all numerical simulations in this study.

It has been noted that the Euler—-Bernoulli and Timoshenko beam theories
constructed from low-order polynomials suffer from the locking phenomena (see
Sections 5.2.7 and 5.3.4; also see [2, 3]). Full integration of the element matri-
ces for the EBT and TBT theories leads to elements that are overly stiff. For
the EBT element, full integration leads to membrane locking due to inconsis-
tencies in the interpolation orders of © and w. The TBT elements suffer from
membrane locking as well as shear locking in the thin-beam limit. To overcome
these shortcomings, one-point Gauss quadrature is used in the evaluation of
all nonlinear terms for the EBT finite elements. To eliminate shear and mem-
brane locking from the TBT formulation, elements with high-order Lagrangian
interpolation functions are employed. In particular, we introduce the following
full integration TBT elements: TBTLN, TBTQD, TBTCB, and TBTQI; which
have 2, 3, 4, and 6 nodes (corresponding to linear, quadratic, cubic, and quin-
tic), respectively. Interpolation functions of equal order (i.e. p; = pa = p3) are
utilized for each TBT element.

12.4.6.1 Material properties

For the present analysis we utilize a viscoelastic material model based on the
experimental findings of Lai and Bakker [325] for a glassy amorphous polymer
material (PMMA). The Prony series parameters for the viscoelastic relaxation
modulus given in Table 12.4.1 were calculated from the published compliance
parameters [325]. For the Timoshenko beam theory it is also necessary to
specify the viscoelastic shear modulus. Although the finite element formulation
places no restriction on the relationship between E (¢) and G (t), for the present
analysis we adopt the approach taken by Chen [304] and assume that the shear
and relaxation moduli are related by

E(t)
)= —"— 12.4.
G (1) 2(1+v) ( 76)
where v = (.40 is Poisson’s ratio of the material, which is assumed to be

independent of time [326].

12.4.6.2 Quasi-static deformation of a beam under uniform load

Here we consider a viscoelastic beam of length L = 100 in and cross section 1
in x 1 in, with material properties given in Table 12.4.1. At ¢ = 0 the beam is
subjected to a time invariant uniform vertical distributed load ¢ = 0.25 lb¢/in.
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Table 12.4.1: Viscoelastic material properties.

Ey  205.7818 ksi

E1  43.1773 ksi £ 9.1955 x 107! s
E, 9.2291 ksi P 9.8120 x 10° s
FEs  22.9546 ksi £ 9.5268 x 10* s
Eis  26.2647 ksi £ 9.4318 x 10% s
FEs  34.6298 ksi £ 9.2066 x 10% s
Es  40.3221 ksi & 8.9974 x 10* s
E;  47.5275 ksi £ 8.6852 x 10° s
Eg  46.8108 ksi &£ 85143 x 10° s
Ey  58.6945 ksi & 7.7396 x 107 s

The computational domain is constructed by taking advantage of the symmetry
about z = L/2. For the EBT case, ten reduced integration finite elements (11
nodes) are utilized. For the TBT, we consider ten TBTLN elements (11 nodes),
four TBTQD elements (9 nodes), three TBTCB elements (10 nodes), and two
TBTQI elements (11 nodes). The following three sets of boundary conditions
are considered in the analysis:

1. Hinged at both ends (hinged—hinged)

w(0,t) =u(L/2,t) = g—j (L/2,t) =0 (12.4.77)
2. Pinned at both ends (pinned—pinned)
ow
uw(0,t) =w(0,t) =u(L/2,t) = B (L/2,t) =0 (12.4.78)

3. Clamped at both ends (clamped—clamped)

w(0,t) = w (0, t) = ‘;: (0,t) = u(L/2,t) = g: (L/2,t) =0 (12.4.79)

The three cases above are chosen to demonstrate that the EBT and high-order
TBT (TBTCB and TBTQI) finite elements do not suffer from the membrane
or shear locking phenomena. In addition, each case provides a demonstration of
the geometrically nonlinear capabilities of the finite element models that cannot
be captured by the uncoupled linear formulation.

The load at t = 0 is applied incrementally to ensure convergence of the solu-
tion. Five load steps are utilized with a maximum of 20 iterations for each load
step. At the first load step, the initial guess vector for the solution is chosen to
be the zero vector. This yields the linear solution. At each subsequent iteration
within the first load step, the solution vector from the previous iteration is used
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as the new guess vector. At each new load step, the converged solution from
the previous load step is used as the initial guess vector. At each time step
following t = 0, the finite element equations are solved iteratively using the
Newton procedure without the employment of load steps.

Table 12.4.2: Quasi-static analytical and finite element (TBTQI) results for the max-
imum vertical deflection, w4z, of a hinged-hinged viscoelastic beam under uniform
distributed load, q.

Maximum vertical deflection, wmqx

Time, ¢ Exact At =0.5 At=1.0 At =2.0 At =15.0 At =10.0

0 7.2980 7.2980 7.2980 7.2980 7.2980 7.2980
200 8.5429 8.5628 8.6217 8.8492 10.2278 14.7260
400 8.6827 8.7032 8.7641 8.9993 10.4291 15.1493
600 8.7680 8.7891 8.8510 9.0910 10.5524 15.4107
800 8.8364 8.8578 8.9207 9.1645 10.6513 15.6214

1,000 8.8945 8.9160 8.9799 9.2270 10.7356 15.8021
1,200 8.9448 8.9665 9.0311 9.2810 10.8087 15.9597
1,400 8.9886 9.0105 9.0758 9.3282 10.8726 16.0982
1,600 9.0271 9.0492 9.1150 9.3697 10.9288 16.2210
1,800 9.0612 9.0835 9.1498 9.4064 10.9787 16.3306

For the hinged—hinged beam (case 1), the vertical deflection coincides with
the exact solution as per the Timoshenko beam theory, which is given by (see
Fliigge [191] and Reddy [1])

Winaz (1) = 5oL [1 + 1.6 Ltv (h>2] D (t) (12.4.80)

3841 K, \L

where D (t) is the creep compliance, which, for the present study, is taken from
Lai and Bakker [325]. The solution according to the Euler-Bernoulli theory
is obtained by omitting the second term inside the brackets (or by setting
K, = 0.0). Table 12.4.2 contains a comparison of the exact Timoshenko beam
solution with numerical results obtained using 2 TBTQI beam elements. As is
evident from Table 12.4.2, the error in the solution propagates with an increase
in time. It is also interesting to note that for the current problem the error
incurred by the time step approximation tends to over-predict beam deflections.
It is evident that a rather small time step is necessary to ensure convergence.
Table 12.4.3 contains selected numerical results for the quasi-static beam
deflection for cases 1 through 3 using the EBT and TBT finite elements. A
constant time step At = 1.0 s has been employed with a total simulation time
of 1,800 s. Graphical results for EBT, TBTQD, and TBTQI elements are also
provided in Fig. 12.4.1. At ¢t = 0, the results coincide with the instantaneous
elastic solution where the Young’s modulus is given as E = 535.4 ksi. The
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Table 12.4.3: Quasi-static finite element results for the maximum vertical deflection,
Wmaz, Of a viscoelastic beam under uniform distributed load, ¢, with three different
sets of boundary conditions and At = 1.0.

Time, ¢ EBT TBTLN TBTQD TBTCB TBTQI
Hinged—hinged
0 7.2961 0.8629 7.0098 7.2939 7.2980
200 8.6194 1.0194 8.1966 8.6151 8.6217
400 8.7617 1.0363 8.3221 8.7571 8.7641
600 8.8486 1.0465 8.3986 8.8439 8.8510
800 8.9183 1.0548 8.4598 8.9134 8.9207
1,000 8.9775 1.0618 8.5118 8.9725 8.9799
1,200 9.0287 1.0678 8.5567 9.0236 9.0311
1,400 9.0733 1.0731 8.5958 9.0681 9.0758
1,600 9.1126 1.0778 8.6301 9.1073 9.1150
1,800 9.1474 1.0819 8.6605 9.1420 9.1498
Pinned-pinned
0 1.2481 0.7258 1.2452 1.2453 1.2452
200 1.3278 0.8210 1.3244 1.3243 1.3242
400 1.3358 0.8307 1.3324 1.3323 1.3322
600 1.3407 0.8366 1.3372 1.3371 1.3370
800 1.3446 0.8413 1.3411 1.3410 1.3409
1,000 1.3478 0.8452 1.3443 1.3442 1.3441
1,200 1.3507 0.8486 1.3471 1.3470 1.3469
1,400 1.3531 0.8516 1.3496 1.3495 1.3494
1,600 1.3553 0.8542 1.3517 1.3516 1.3515
1,800 1.3572 0.8565 1.3536 1.3535 1.3534
Clamped—clamped
0 0.9110 0.1727 0.8832 0.9102 0.9109
200 1.0000 0.2038 0.9707 0.9988 0.9997
400 1.0089 0.2071 0.9795 1.0077 1.0086
600 1.0144 0.2092 0.9848 1.0130 1.0140
800 1.0187 0.2108 0.9891 1.0173 1.0183
1,000 1.0223 0.2122 0.9927 1.0210 1.0220
1,200 1.0255 0.2134 0.9957 1.0241 1.0251
1,400 1.0282 0.2144 0.9984 1.0268 1.0278
1,600 1.0306 0.2154 1.0008 1.0292 1.0302
1,800 1.0327 0.2162 1.0029 1.0313 1.0323

hinged—hinged beam configuration exhibits greater transverse deflection than
the pinned-pinned and clamped—clamped cases. For the hinged—hinged case,
the transverse deflection does not lead to significant axial strain, since the
hinged ends of the beam are able to translate freely in the z-direction. The
pinned—pinned and clamped—clamped beams on the other hand are constrained
from axial motion at x = 0 and = = L/2. As a result, axial strain develops that
offers resistance to transverse deformation of the beam.

There is a very good agreement between the numerical results of each for-
mulation with the exception of the TBTLN element which, as expected, suffers
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Fig. 12.4.1: Maximum vertical deflection, w4, of a viscoelastic beam under uniform
distributed load, ¢, with three different sets of boundary conditions.

excessively from shear locking. It has been discussed in Chapter 5 that locking
can be avoided for this element by employing selective reduced integration. Re-
sults for the EBT, TBTCB, and TBTQI are in excellent agreement as the effects
of shear deformation are small. Mesh refinement studies of the TBTQI element
demonstrate that the presented results for this element are fully converged. In
fact, the numerical results presented in Table 12.4.3 for the TBTQI element can
be obtained with only one element. The computational cost involved is in fact
less with one TBTQI element than any of the other elements, as they require
more total nodes for convergence.

An important characteristic of the viscoelastic constitutive model employed
here is that the beam should eventually return to its original configuration
upon the removal of the loads are. To demonstrate that the finite element
models capture this effect, we consider the clamped—clamped beam subject to
the following quasi-static transverse load:

0(0) = a{H (1)~ 7= [(t—om) H (1 —ar) = (1= fr) H (= 57}
(12.4.81)
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where go = 0.25 lb¢/in, 7 = 1,800 s, and H (¢) is the Heaviside function. The
parameters 0 < a < § < 1 are constants. Equation (12.4.81) represents a load
function that is constant in 0 < ¢ < a7 and then linearly decreases to zero from
t =ar tot= B7. For t > 7, the load is maintained at zero. In Fig. 12.4.2 we
present numerical results for various values of a and 3, where we have employed
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Fig. 12.4.2: Maximum vertical deflection, wy,q., of a clamped—clamped viscoelastic
beam subjected to time-dependent transverse loading ¢(t).

a constant time step of At = 1.0 s with two TBTQI elements. It is evident
that the beam recovers its original configuration as t tends to infinity once the
applied load is removed.

We also consider the effect that shear strain has on the transverse deflection
of viscoelastic beams. To this end we modify the original thin beam problems
by letting L = 10 in, ¢ = 25 lb¢/in, and At = 1.0 s. All other parameters
are kept the same as in the previous examples. In Table 12.4.4 we present
numerical results for the transverse deflection of pinned—pinned and clamped—
clamped beams using EBT, TBTQD, and TBTQI elements. In all cases we note
that the EBT elements under-predict the maximum beam deflections which is
as expected.
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Table 12.4.4: Effect of shear strain on the maximum quasi-static vertical deflection,
Wmaz, Of a viscoelastic beam under uniform distributed load, q.

Maximum vertical deflection, wmax

Pinned-pinned Clamped—clamped
Time ¢ EBT TBTQD TBTQI EBT TBTQD TBTQI
0 0.07184 0.07360 0.07367 0.01459 0.01647 0.01655
200 0.08437 0.08641 0.08649 0.01724 0.01946 0.01955
400 0.08571 0.08777 0.08785 0.01752 0.01978 0.01987
600 0.08652 0.08860 0.08869 0.01769 0.01998 0.02007
800 0.08717 0.08927 0.08935 0.01783 0.02013 0.02023
1,000 0.08773 0.08983 0.08992 0.01795 0.02027 0.02036
1,200 0.08821 0.09032 0.09041 0.01805 0.02038 0.02048
1,400 0.08862 0.09075 0.09083 0.01814 0.02048 0.02058
1,600 0.08899 0.09112 0.09121 0.01822 0.02057 0.02067
1,800 0.08931 0.09145 0.09154 0.01829 0.02065 0.02075

12.5 Summary

In this chapter, finite element models of materially nonlinear elastic and plastic
models of one-dimensional problems are presented, and efficient and accurate
locking-free linear viscoelastic beam finite elements that are capable of under-
going large transverse displacements, moderate rotations, and small strains are
presented. The viscoelastic beam finite element models were developed using
the Euler—Bernoulli and Timoshenko beam theories. The discrete form of the
finite element equations of viscoelastic beams are constructed using a recur-
rence relation such that history data need only be stored from the previous
time step. Numerical examples are presented to demonstrate the capabilities
of the developed numerical models.

Extension of the current formulations to Reddy third-order beam theory
can be found in the works of Payette and Reddy [320]. Extensions to plates
and shells are of great interest and awaiting attention. In addition, it may
also prove useful to extend the current formulation such that more pronounced
geometric nonlinearities can be captured (i.e. full geometric nonlinearity). Fi-
nally, extension to the case where both material and geometric nonlinearities
are accounted for in the formulation is yet to be carried out.

Problems

12.1 Extend the discussion of Section 12.3 to the case of finite strain.
12.2 Extend the discussion of Section 12.3 to Euler—Bernoulli beams made of elastic material
with constitutive relation o4, = Feg., where E is given by
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du 1 [(dw\?
E=Eo+E dx+z<dx)] (1)

where Fy and FE; are functions of x only. Assume linear strain-displacement relations:

2
0, ., @ _du  qy  dw 9
Exx Exx + Z€2zx Exx diE ) Exx d$2 ( )
12.3 Extend Problem 12.2 to the case with the von Karman nonlinear strain

oo _du 1 (dwt o dPw

T de 2 \ de dx?
12.4 Extend the discussion of Section 12.3 to Timoshenko beams made of a material whose
constitutive relation is the same as that given in Problem 12.2 (with a constant Poisson’s
ratio). Use the following strain-displacement relations of the Timoshenko beam theory:

_du 1<dw>2+ = dw

e ti\w) e T

12.5 (Reddy beam theory) Develop the weak-forms associated with the nonlinear quasi-static
and fully transient analysis of initially straight viscoelastic beams using the following
kinematic assumptions of the third-order Reddy beam theory [3, 55, 56]:

(@9, %,8) = u(a, ) + 260(2, 1) — e (qsz(x, f+ ‘;—j)
ws(a,y, 1) = 0 @
us(x7 y7 Z, t) - w(x7 t)

where the z = X (material) coordinate is taken along the beam length, the z =
Z coordinate along the thickness direction of the beam, u is the axial displacement
of a point on the mid-plane (x,0,0) of the beam and w represents the transverse
deflection of the mid-plane. When the deformation is small the parameter ¢, (z,t)
may be interpreted as the rotation of the transverse normal. The constant c; is equal
to ¢1 = 4/(3h?), where h is the height of the beam and b is the beam width. The
displacement field of the Reddy beam theory suggests that a straight line perpendicular
to the undeformed mid-plane becomes a cubic curve following deformation, as can be
seen in Fig. P12.5.

Zw

(b)

Fig. P12.5: (a) Undeformed configuration and (b) deformed configuration.

12.6 (continuation of viscoelastic Reddy beam finite element) Develop the semidiscrete vis-
coelastic finite element model of the Reddy third-order beam theory.
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12.7 (continuation of wiscoelastic Reddy beam finite element) Develop the fully discrete vis-

coelastic finite element model of the Reddy third-order beam theory (i.e. give the
linearized equations in the Newton’s method).
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