Multibody Syst Dyn (2008) 20: 147-161
DOI 10.1007/s11044-008-9114-6

Implementation and efficiency of two geometric
stiffening approaches

Urbano Lugris - Miguel A. Naya - José A. Pérez -
Javier Cuadrado

Received: 30 November 2007 / Accepted: 15 May 2008 / Published online: 23 July 2008
© Springer Science+Business Media B.V. 2008

Abstract When the modeling of flexible bodies is required in multibody systems, the float-
ing frame of reference formulations are probably the most efficient methods available. In the
case of beams undergoing high speed rotations, the geometric stiffening effect can appear
due to geometric nonlinearities, and it is often not captured by the aforementioned methods,
since it is common to linearize the elastic forces assuming small deformations. The present
work discusses the implementation of different existing methods developed to consider such
geometric nonlinearities within a floating frame of reference formulation in natural coordi-
nates, making emphasis on the relation between efficiency and accuracy of the resulting
algorithms, seeking to provide practical criteria of use.
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1 Introduction

One of the most widely used methods for flexible body modeling in multibody systems is the
floating frame of reference approach (FFR) described by Shabana [1], in which a local frame
of reference is attached to the flexible body, so that the elastic deformation is measured in
the local frame and superimposed to the large amplitude motion, undergone by the reference
frame. In most cases, component mode synthesis is used to approximate the deformation
field, in order to improve the efficiency, thus restricting the application of these methods to
small deformation problems. In specific applications, involving beams under high rotational
speeds, such as helicopter rotor or turbine blades, the stiffening effect appears due to the
geometrical nonlinearity. This effect has been studied by many authors, like Kane et al. [2],
Mayo et al. [3, 4], Sharf [5], Shi et al. [6], or Valembois et al. [7]. Helicopter rotor blades, a
typical example, are bent by their own weight, but the rotation speed makes them rise toward
the horizontal position, due to centrifugal forces, as if the bending stiffness is increasing. In
a linear model, this effect is not captured due to the absence of coupling between axial and
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transversal deformation, which implies that rotational speed has no effect on bending, but
only on the radial displacement.

There exist several techniques aimed to include this effect in beams. In this paper, the im-
plementation of two of them in a FFR formulation is described, and the results are compared
to reference solutions obtained with fully nonlinear methods, such as the Absolute Nodal
Coordinate Formulation (ANCF) proposed by Shabana [1] or the Finite Element Method
(FEM) [8].

2 The specific FFR formulation

The equations of motion, according to an index-3 augmented Lagrangian formulation in
natural dependent coordinates, Garcia de Jalén and Bayo [9], Cuadrado et al. [10], are stated
in the form,

M{ + @,a® + @ 1 =Q (1

where q is the vector of natural coordinates, M is the mass matrix, ® and @, are the con-
straints vector and its Jacobian matrix, « is the penalty factor, Q is the vector of elastic,
applied and velocity-dependent inertia forces, and A* is the Lagrange multipliers vector,
obtained from an iterative process carried out within each time-step,

)‘T+1:)°;'k+a¢f+1 i:O,l,Z,... (2)

which starts with A equal to the value of A* obtained in the previous time-step. In the first
time-step, A;, can be initialized to zero. These equations are integrated in time by means of
a Newmark-type integrator [11] (the trapezoidal rule), along with velocity and acceleration
projections at the end of each time-step to preserve stability, Cuadrado et al. [10].

The case of a planar flexible beam is to be described for the sake of simplicity. However,
the procedure can be generalized to the 3D case. The considered FFR approach defines
the deformation of a flexible planar beam in a local reference frame, which is attached to
a material point of the beam and undergoes the large amplitude rigid-body motion. The
position r of any point of the solid can be expressed as

r=ry+ A (t, + ér) 3

where ry is the position of the local frame origin, A the rotation matrix defined by the two
orthogonal local unit vectors [u|v], r, the undeformed position in local coordinates, and §r
the local elastic displacement (see Fig. 1).

Using the finite element method to discretize the beam with 2D beam elements, the neu-
tral axis displacement within a finite element e, 8T, can be interpolated from its nodal dis-
placements, qf, by means of the interpolation matrix, S¢, which can be split into longitudinal
and transversal interpolation submatrices, S and Sf,

e Uo e, e S|e e
8ry = =Sqi=| . |9 “
Vo St

where ug and v, are the local components of 5r{.
The dimension of the finite element model is reduced by using component mode syn-
thesis, in this case, a Craig—Bampton reduction, Craig and Bampton [12], with static and
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Fig.1 Deformed 2D beam

dynamic modes, as done by Cuadrado et al. [10]. This reduction consists of approximating
the vector of nodal displacements by means of a linear combination of ns static modes ®;
and nd dynamic modes ¥ ;,

ns nd
=) bmi+Y Wi )
i=l1 j=1

where qy is a vector grouping all the nodal displacements of the beam, and the coefficients 7;
and &; are the modal amplitudes. The static modal amplitudes must be bound to the natural
coordinates of the corresponding joints through kinematic constraints. Equation (5) can be
written in a more compact matrix form,

m

qf:[(Pl e By W e ‘I’nd] E ' :Xy (6)
1

gnd

Finally, the vector of variables for a single flexible beam results,

' ={rg o Vo o & Guf={rg u" VYT ()

With all the flexible body kinematics defined, the mass matrix can be calculated. The
elastic displacement can be specified for node i as rSf‘f) = qi- = X'y, being X' the couple of
rows of X corresponding to the longitudinal and transversal displacements of node i. The
absolute velocity of node i, v, can be calculated by substituting its elastic displacement in
(3), and differentiating with respect to time,

Vi =k +A(F, + X'y) + AX'y ®)

At this point, the corotational approach proposed by Géradin and Cardona [13] is adopted
in order to simplify the mass matrix calculation, Cuadrado et al. [10]. Although it is not fully
consistent with the FFR formalism, the finite element displacement interpolation matrices
S¢ are used to interpolate nodal velocities, an approximation that becomes exact when the
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element size tends to zero. Accordingly, the kinetic energy can be written in terms of the
nodal velocities v and the finite element mass matrix Mg,

1 1 1
T = —/ P idm = —/ vISTSvdm = =v Mj.v 9)
2 )y 2 )y 2
where S contains the assembled interpolation matrices of all the finite elements of the flexi-

ble body. Equation (8) can be written in matrix form for all the nodes, since it is linear with
respect to the generalized velocities q,

v=B(q@)q (10)
Finally, this relationship can be substituted into (9) to obtain the mass matrix,
M =B"M,B (11)
The velocity-dependent inertia forces vector Q, = _BTMfqu must be added to the
generalized forces vector Q. The calculation of the elastic forces will be addressed in the
following section.

3 Geometric nonlinearity consideration

The elastic displacements field ér (x, y) of an Euler—Bernoulli beam takes the following

vector form, Sharf [5],
5f~(x,y):i”]:{”°_y”°} (12)
v Vo

where u( and v, are the axial and transversal displacements of the neutral axis, and the
apostrophe indicates differentiation with respect to the x coordinate. The nonlinear strain-
displacement relationship in x direction can be expressed as

1 1
Eox =u + 3 (u'2 + v’z) =u + Ev/z (13)

where the term u'” is dropped since it is much smaller than u’. The elastic potential of the
beam, after applying the stress-strain relation is

1
U= —/ Ee? dV (14)
2J)y
where E is the Young modulus and V is the volume of the beam. Introduction of the dis-

placement field described by (12) in the strain-displacement relation, yields the deformation
energy of the beam in terms of the neutral axis deformed shape [5],

1 [t 1 [t
U= —/ EAué,zdx—l——/ Elvgzdx
2 ) 2 )

Linear formulation

L 1 L
+ /OEAugvézdx+§/o EAv,* dx (15)

N =

First nonlinear Second nonlinear
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with A the cross-sectional area and / the second moment of area with respect to the neutral
axis.

Different levels of approximation can be achieved depending on which terms of (15) are
kept: They are discussed in the following subsections.

3.1 Linear formulation

The linear formulation includes only the first two terms of (15) in the elastic potential, ne-
glecting the higher order ones. Introducing the finite element discretization into the equation
and integrating the interpolation functions, the following expression can be obtained for the
elastic potential in terms of the finite element coordinates,

1
U=3a/Kiq (16)
Here, Kf,f is the linear stiffness matrix, which is constant, and gy is a vector containing the
nodal displacements of the whole beam. This potential can be projected into the modal base
by using matrix X,

1 1
U=y X'KiXy=y'Kiy (17)
By differentiation of the elastic potential, an expression for the elastic forces is obtained,
auN"
Fe1:_<_) =—Kpy (18)
dy

which is a linear relationship between the forces and the modal amplitudes.

A closer look to the elastic potential expression used in this formulation, constituted by
the first two terms of (15), reveals the cause of its inability to capture the geometric stiffening
effect: axial and transversal displacements separately contribute to the deformation energy.
Only transversal forces can produce transversal displacements, therefore, the axial forces
introduced by the rotation have no effect on the deflection.

3.2 First nonlinear formulation

When the third term of (15) is considered also, the coupling between axial and transversal
deformation is introduced through the integral of ug)v{)z. This allows us to capture the geo-
metric stiffening effect, since it couples the longitudinal and the transversal displacements,
but at the cost of a nonconstant stiffness matrix.

The same steps as in the linear formulation must be carried out to obtain the elastic
potential: the 1, and v, derivatives are substituted by their finite element interpolations, and
the integrals are evaluated; then writing it in matrix form, Mayo et al. [3, 4],

1
U= quT (K +KE) g (19)

The geometric stiffness matrix K is variable, and must be calculated at every time-step. In
case that the axial displacement u has a linear distribution, the strain is constant along the
whole beam, and Kg can be expressed as the product of a scalar variable times a constant
matrix. But in any other case, this is only applicable to each finite element, and the matrix
must be assembled at every time-step, which is rather inefficient.
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It is better to express u( and vy in terms of the mode shapes and then carry out the spatial
integration. First, the neutral axis displacements are approximated by the modal superposi-
tion,

ns nd

uo(x) =Y B{ i + Y Y
i=1 j=1

) (20)
vo(x) = D Bi)m; + YY)

i=1 j=1

where the superindices I and t indicate longitudinal or transversal component, respectively.
These approximated displacements are then used to calculate the integral. The analytical
functions of the mode shapes are usually known for a beam and, therefore, they can be
directly integrated. In the case that the modes are finite element displacement vectors, the
integrals must be calculated by using the interpolation functions. The geometric stiffness
matrix, already projected into the modal subspace, takes the following linear combination
form, with the modal amplitudes as coefficients,

ns nd
Ko=) nKa+ Y £Kg; @1
i=1 j=1
where all the Kg; and Kg; matrices are constant, and have the form,
t
1
L ¢/t
KG,:/ EAg!{ "™ el - @l e Y} dx (22)
0 1
Y

with 1//‘;.1 instead of ¢ for K. These matrices are nonzero for mode i or j only if the mode
is longitudinal, so that there is one matrix for each axial mode. According to this, in order
to obtain a nonzero Kg matrix, this method needs to incorporate at least one axial mode.

Differentiation of the elastic potential with respect to y, neglecting the term which con-
tains the derivative of Kg, yields the elastic forces vector,

AU\’
Fo=-— (8_> =— (KL +Kg)y (23)
y

The modifications with respect to the linear formulation are minimal. All the integrals
of (22) must be calculated in a preprocessing stage, thus obtaining one constant matrix for
each axial mode. Since the stiffness matrix is no longer constant, it must be calculated at
every integrator iteration by adding the variable K¢ to the linear stiffness matrix K .

3.3 Second nonlinear formulation

In this formulation, the four terms of the elastic energy in (15) are considered, being the most
suitable for severe deformation conditions but logically at the cost of a higher computational
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effort

1 A
U= quT (K +K§ +Kf5) g (24)
The inclusion of the higher order term adds a second-order nonlinear matrix Klf_f, and the
elastic forces are obtained by differentiation,

aUu\"
Fa:—(H) = — (KF+ K% +KE) g+ Q, (25)
f

where all the terms depending on the derivatives of the nonconstant K matrices are grouped
into the generalized nonlinear forces vector Q. The main problem of this formulation is that
it needs a high number of axial modes to obtain accurate results, Mayo et al. [3, 4], making
its use inefficient.

3.4 Foreshortening formulation

The axial shortening of a beam due to its deflection is known as foreshortening (Fig. 2). This
effect cannot be captured by using the linear or first nonlinear formulations. The explicit
inclusion of the foreshortening effect in the model leads to a simpler and more efficient
method, Mayo et al. [3, 4], and provides the same level of accuracy as the second nonlinear
formulation.

The longitudinal displacement of any point at the neutral axis can be divided into the
axial deformation produced by the actual axial forces, s, and the shortening produced by the
deflection u s,

Up=95+uy; (26)

The foreshortening of a curve infinitesimal ds can be obtained, as shown in Fig. 3, from the
projection of ds — dx into the undeformed neutral axis,

dfs:(ds—dx)cosa:(l—%>dx: l—; dx 27

ds /1 +U62

This expression can be simplified for small values of v, by developing it into a Taylor series
up to second order,

1
dfs~ Evézdx (28)

Fig. 2 Foreshortening produced
by deflection
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Fig. 3 Foreshortening of a curve
infinitesimal

The total shortening accumulated from a reference point x(, which has zero axial displace-
ment is then obtained by integration,

Uy (x) = —= / v} dx (29)

Substituting the longitudinal displacement of (26) into (15), yields the following expression
for the elastic potential,

1 [r 1 [k
U=E/(; EAs/zdx—i-E/O Elv)” dx (30)

It is observed that the elastic energy has the same form as in the linear formulation, although
the meaning is different. The stiffness matrix is the same as the one used for the linear
case Ky, and so happens with the elastic forces. Therefore, the stiffening effect does not
appear now in the elastic forces; it is translated to the inertia and constraint forces, since the
foreshortening is introduced at kinematic level.

In order to calculate the total foreshortening on a finite element, the nodal displacement

must be modified so that
_ Ug St ”?s
S5r6 = = <+ 31
° H M“f [0} Y

where u%, is the foreshortening produced in that finite element by its own deflection, and
can be calculated by applying (29) over the whole length of the element, L¢. Substituting v;,
by its interpolation,

e 1 e e e
qidx = —quTH q (32)

e
ufs__

1 / o 98" 88y
2 T 9x ox

The shortening suffered by one element is then a quadratic function of the nodal coordinates,
where H¢ is a constant matrix depending only on the transversal interpolation functions and
the length of the element.

The total shortening accumulated by the finite elements located between the reference
node (with zero axial displacement) and the finite element #, itself included, is the sum of
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Fig.4 Accumulated
foreshortening at element n Yo 2 n

all the element-level shortenings, as shown in Fig. 4
n 1 - eT yye €
d= =3 e @)
e=1

This expression can be written in matrix form for each element, assembled for all the finite
element coordinates of the beam, and then projected into the modal subspace,

1

n 1 n 1 n
547 Hieetr = =5y XTH Xy = -2y G'y (34)

u ’}x = acc
If analytical functions are available for the mode shapes, these G" matrices can be directly
calculated by using the second expression of (20) to evaluate (29),

"
1

L ¢/t
G”:/O ”,: { it ¢;fs {t W,’,ﬁz}dx (35)

1

t
nd

where L" is the length of the beam from the reference point to the end node (node i) of
finite element n. If the modes are finite element displacement vectors, the integrals must be
calculated by using the interpolation functions.

Therefore, the elastic displacement of node i is now,

8_i i u'}x i ur}f i 1 1 TGn (36)
ro = + =X'y+ X'y — —
0o =4 0 y 0 y 210 y y

Substituting this displacement into (3), and carrying out the time derivative results for the
nodal velocity,

Vi=k +A(E +X,,) +AX, 5 +Xy) 37)

where X, is a variable matrix, which depends linearly on the modal amplitudes y,

A B N e
Xh=x—5{]fw (38)

In order to implement the foreshortening in the equations of motion, the G" accumulated
shortening matrices must be first calculated and stored in a preprocessing stage. Then the
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new Xy, matrix, which is no longer constant, is calculated at every time-step and used to
calculate matrix B, as it was done in (8).

These changes affect the mass matrix, the velocity-dependent inertia forces and the ap-
plied forces. Moreover, those constraints involving nodes undergoing foreshortening must
also be modified, since transversal modes affect the beam length. Therefore, the geometric
stiffening effect is considered now through inertia and constraint forces, instead of through
the elastic forces, as it happened in the first and second nonlinear formulations.

4 Examples and results

The example system is a typical case of geometric stiffening, Kane et al. [2], Mayo et al.
[3, 4], Sharf [5], Shi et al. [6], Valembois et al. [7]: a beam pinned at one of its ends, as
shown in Fig. 5, which rotates an angle 6(¢) about the origin,

ws (12 Ty \2 2t
7 (G + () leos(F) — 1) 0=t <T,
o= 7 " ' (39)
ot — L% T, <t
The characteristics of the beam are: length L = 10 m, cross-sectional area A =4 - 107% m?,
second moments of area 1, , =2 - 1077 m*, density p = 3000 Kg/m? and Young modulus

E =7-10"" N/m>.
4.1 Two-dimensional case

In [2-7], this example is treated as a 2D problem, studying the behavior of the beam in
the xy plane in absence of gravity acceleration. The measured variable is the in-plane tip
deflection, for T; = 15 s and w, = 6 rad/s.

A discretization into 10 finite elements is used, using one transversal static mode and
two transversal dynamic modes. A reference solution has been calculated with a global,
finite-element based formulation, the ANCF, Shabana [1], which uses absolute positions and
slopes as coordinates in a global inertial reference frame. This formulation applies nonlin-
ear strain-displacement relationships, so capturing all nonlinear effects, including geometric
stiffening. In the simulation of reference the beam is discretized into 15 elements, using an
ANCF-based 2D beam element developed by Omar and Shabana [14].

The results obtained for the linear formulation reveal that as expected, it cannot account
for the geometric stiffening effect. As can be seen in Fig. 6, the tip deflection becomes too
large, crashing the simulation before its end.

The first nonlinear formulation needs to include at least one axial mode, as the geometric
stiffness matrix depends on the axial deformation. In the example, the axial displacement,
caused by centrifugal forces, has a nonlinear distribution, so that the first dynamic axial

Fig.5 Spin-up beam

o(t)

o)
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Fig. 6 Linear formulation vs.
ANCEF in the first example

Tip deflection (m)

ANCF
Linear

0 2 4 6 8 10 12 14 16 18 20
Time (s)

Fig. 7 First nonlinear
formulation vs. ANCEF in the first
example

Tip deflection (m)

0 2 4 6 8 10 12 14 16 18 20
Time (s)

mode is required to achieve reasonable accuracy. Figure 7 shows that using only one linear
static mode (FNL1 curve) yields unacceptable results, increasing the stiffness excessively.
Therefore, two axial modes are needed at least to correctly simulate the motion of the beam
(FNL2 curve).

The foreshortening formulation (FS curve in Fig. 8) achieves the best results, despite the
absence of axial modes. The quality of the correlation becomes more obvious at the steady-
state stage, where the first nonlinear formulation shows a higher oscillation amplitude.

Table 1 shows the CPU-times for all the simulations, run with the same integrator and
parameters, with a time-step of 0.01 s. The formulations are sorted by accuracy, from lower
to highest, according to the error measurement defined in (41): first nonlinear with one axial
mode (FNL1), first nonlinear with two axial modes (FNL?2), and foreshortening (FS0). The
FS method is the fastest, due to the lower number of modes used, and to the absence of high
frequency axial modes.
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Fig. 8 Foreshortening
formulation vs. ANCEF in the first
example

m)

Tip deflection (

Time (s)
Table 1 CPU-times for all the -
formulations in the 2D spin-up Formulation FNLI FNL2 ESO
beam
Time (s) 0.281 0.297 0.250
Ay (mm) 28.295 6.486 2.614

4.2 Three-dimensional case

In this example, a gravity acceleration of 9.81 m/s? is added to the problem, in the negative
direction of the z axis, leading to a three-dimensional problem. One static and two dynamic
transversal modes are added in the z direction to capture vertical deflections, making a total
of six modes, plus the eventually needed axial ones in the FNL method. Before starting the
simulation, the beam is let to reach its equilibrium position.

The extension of both the FNL and FS methods to the three-dimensional case is straight-
forward, since the effects in y and z directions can be considered independent. In the FNL
formulation, there are no substantial changes, and in the FS case, the foreshortening can be
obtained from the following expression, where wy is the neutral axis displacement in the z
direction [6, 7],

X
Ups(x) = _l / (v(’)2 + w(')z) dx (40)
2 X0

Only the first nonlinear and the foreshortening methods are addressed in this example,
and since the results in the y direction are approximately the same as obtained in the plane
case, only the displacements in x and z directions are now shown and discussed. These
results are compared to a reference solution obtained with a nonlinear finite element model,
discretized into 20 elements and with the same integration parameters. In order to obtain a
numerical value for the error, the position of the beam tip (in the local frame) is compared
to that of the reference solution. For the x direction,

1 ns .
Ax = ns+1;|x,-—x,.| (41)
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Fig. 9 First nonlinear formulation vs. FE in the second example

where x; and x; are the calculated and reference values respectively, and ns is the number
of time-steps. The same may be done for y and z directions.

The first nonlinear formulation, whose results are shown in Fig. 9, does not obtain ac-
ceptable results for the axial displacement, no matter how many axial modes are introduced.
This happens because the K¢ elements corresponding to axial modes are equal to zero, thus
introducing no modification in their associated stiffnesses. At the equilibrium position, there
is a tip displacement of more than 6 cm in the z direction, which is not captured, and the er-
ror at the steady-state stage is about 3.5 mm with respect to the reference. This is because the
large deflection makes the foreshortening effect much more relevant than the actual beam
shortening. As it happened in the y direction, the beam with only one axial mode (FNL1) is
excessively rigidized, needing an extra mode (FNL2) to obtain reasonably accurate results.

In the case of the foreshortening method, as can be seen in Fig. 10, the precision in the
x direction is significantly improved. The steady-state error is around 0.5 mm with no axial
modes, lowering to 0.01 mm if one axial mode is added. In the vertical direction, the results
are approximately the same obtained with the FNL2 formulation, despite using only bending
modes.

In Table 2, the CPU-times and deviations from the reference solution are shown for all
the formulations. The FS values are shown for none, one, and two axial modes, although
Fig. 10 represents the results for the first case. It can be seen that the FNL formulation is
faster for the same number of modes, but when the efficiency is compared for a similar level
of accuracy in y and z directions, the FS method is slightly faster (i.e., FNL2 vs. FS0).

5 Conclusion

The implementation of two techniques for accounting for the foreshortening effect into a
FFR formulation in natural coordinates has been presented. Both of them are easy to imple-
ment, and obtain very good performance if compared to ANCF or nonlinear FEM.

As it has been shown in the tests, the linear formulation yields incorrect results, which
means that any of the higher order formulations must be used. The first nonlinear formula-
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10.02

Local x coordinate (m)
Local z coordinate (m)

0 5 10 15 20 o 5 10 15 20
Time (s) Time (s)

Fig. 10 Foreshortening formulation vs. FE in the second example

Table 2 CPU-times for all the formulations in the 3D spin-up beam

Formulation FNL1 FNL2 FSO FS1 FS2

Time (s) 0.328 0.359 0.336 0.367 0.399
Ax (mm) 27.921 27.921 0.647 0.387 0.387
Ay (mm) 28.295 6.486 2.614 2.612 2.611
Az (mm) 32.066 4.119 3.462 3.464 3.465

tion is very easy to implement, but presents some problems, since only one axial mode is not
sufficient for obtaining accurate results, and the use of axial modes of high natural frequen-
cies hinders the integration process. If the deflections are large enough, this method fails
also to accurately measure the x displacements. The foreshortening formulation has proven
to be the fastest and also the most accurate. It does not require axial modes for obtaining
good results for the transversal deflections and, in case that axial stresses are needed, longi-
tudinal modes can be added without problems. For the same number of modes, it is slightly
slower since it involves more operations, but if the efficiency/accuracy ratio is considered, it
is always advantageous to include the foreshortening in the kinematic modeling.
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