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Abstract

This document presents some insights about the Chrono::Engine implementation
of the chrono::fea::ChElementBeamIGA three-dimensional beams based on the Iso-
geometric Analysis (IGA) approach.

This formulation, published in [41], allows a geometrically exact three-dimensional
beam which can be used in dynamical simulations involving large displacements, col-
lisions and non-linear materials.

1. Introduction

(NOTE: This whitepaper is based on the paper published in [41], please refer
to it for citing, and for additional information).

While traditional FE methods discretize the continuum using finite elements
that share end nodes, the IGA approach uses splines that span several nodes [22,
12].

Among the vast literature on IGA, we cite [13, 8, 43, 7, 6, 15, 42].

In this document we use IGA to implement a geometrically exact three-
dimensional beam based on the Cosserat rod theory, hence capable of arbitrary
large rotations and displacements [24]. In Chrono::Engine we already provide
corotational beam elements of Eulero-Bernoulli 3D type. In contrast to the
corotational method, but at the cost of a more sophisticated formulation, the
geometrically exact beam model also known as Simo-Reissner beam model, draws
on the theory of 1D Cosserat continua [11] and leads to a general formulation
that makes no assumption on the amount of rotations and that allows finite
strains, including shear and torsion [37, 2, 38]. The Cosserat rod theory can be
considered a generalization of Reissner, Kirchhoff-Love, Timoshenko and Euler-
Bernoulli beams.

Although some beam theories that consider out-of-plane and in-plane defor-
mations of the cross-sections, we will make the assumption of rigid sections.
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Among the IGA works related to beams, here we cite in passing: [20, 46, 9,
14, 3]. Additional work on IGA beams in problems that involve contacts can be
found in: [48, 49, 30, 29, 10, 18, 27, 34, 35, 45, 47, 44].

The IGA beam here discussed is implemented in Chrono::Engine [33] as the
chrono: :fea: :ChElementBeamIGA class, and derivatives.

NOTE: The theory presented here has been published in [41], ie. the arti-
cle 7 A geometrically exact isogeometric beam for large displacements and con-
tacts”, Computer Methods in Applied Mechanics and Engineering, Vol.358, pag.
112635, 2020. doi: 10.1016/j.cma.2019.112635. Please cite [41] instead of this
whitepaper, which is continuously updated.

2. B-Splines and NURBS

A Dbrief introduction on splines, motivated by the fact that our IGA model
is based on Basis splines (B-Splines) or Non-Uniform Rational B-Splines
(NURBS).

2.1. B-Splines

A B-Spline of order p is a piecewise polynomial function of degree p-1 in a
parametric variable 7 € R (a curvilinear abscissa).

We introduce a set of n+1 control points &; € R? i = 0...n and a set n+p+1
of non-decreasing breaking points defining a knot vector T = (70, T1...Tn4p)-

Basis Functions N, , is an order p and p-1 degree Basis Function on the
i-th knot of the B-Spline and it is recursively defined as follows:

N ( ) 1 for Ti <7< Ti+1 (1)
i,1\T) =
! 0 otherwise

And, for p > 1:

T —T; Tivp — T

N;p(T) = Nip—1(7) +

— Nit1p-1(7) (2)
Titp—1 — Ti Titp — Tit+1

Basis Function are a partition of unity: it means that >\ N; ,(7) =1 Vr e

[To, Tn]. The span of Basis Function increases with the order p.

Is useful to remind the derivative of the Basis Function with respect to the

parametric variable since it is frequently used:
dNim(T) p— 1

. p—1
N; = = N, . _ - -
zm(T) dr Titp1—Ti ©,p 1(7_) Titp — Tit1

Nit1p-1(1)  (3)

B-Splines formulation A B-Spline is a linear combination of control points
x; and Basis Functions N; ,(7)

r(r) =Y @;Niy(r) n>p—1 (4)
=0
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Given the number of control points n+1 and the order of the curve p the number
of knots is n + p + 1, which means there are more knots than control points,
so some knots can be coincident on the same control point. When knots are
distinct the first p — 1 derivatives are continuous; when r nodes are coincident,
only the first p — r derivatives are continuous. In general, control points do not
lie on the curve. When p knots are coincident, the spline passes through the
control point with C° continuity.

2.2. NURBS

Non-Uniform Rational B-Splines introduce additional weights w; > 0, (i =
1...n), so that rational basis R; ,(7) are used in place of N; ,(7):

_ Nip(T)wi
- n
Ej:l Njp(T)w;

NURBS have the same properties listed for B-Splines: in particular for w; =
1 Vi, NURBS reduce to B-Splines. In addition, by using proper weights and few
coarse control points, NURBS allow the exact (not approximated) representa-
tion of conic sections like circles and ellipses; this is a relevant feature because
canonical primitives in CAD models are most often built from conical sections.

Rip(T) (5)

3. Rotations

We will make use of rotation in 3D space. This requires some forewords on
rotations using concepts of Lie groups.

e A Lie group is a group G that is also a differentiable manifold. As a
group it is an algebraic structure with properties of closure, associativity,
presence of identity element and inverse element for product between its
elements. Examples:

— R™, the Euclidean space with addition,

— GL(n,R), the general linear group of invertible nxn matrices and their
product,

— SL(n,R), the special linear group of matrices with det = 1,

— SO(n), the special orthogonal group of orthogonal matrices with
det =1,

— SU(n), the special unitary group of complex matrices with det = 1,

— Hjy, the group of unit-length quaternions, also compact symplectic
group Sp(1),

— Spin(n), the spin group.

For kinematics and dynamics, the SO(3) special orthogonal group is im-
portant as it deals with rotation matrices in 3D space.
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e For rotations in 2D, a rotation a can be expressed by a unit-length complex
number €' in the C; group, also U(1), and Spin(2). Topologically this is
the circle St. All them are isomorphic to SO(2).

e For rotations in 3D, Hj;, SU(2) and Spin(3) are all isomorphic, and simply
connected. All them are topologically the S? sphere. All them are double
covers of SO(3), which is double connected. A practical consequence: two
opposite quaternions —p and +p € H; represent the same single rotation
matrix R € SO(3).

e We use quaternions H; to parametrize SO(3) rotations. We recall the basic
properties of quaternions: p = pg + ip1 + jpo + kps with i° = j% = k? =
ijk = —1, often written succinctly p = [ps, p,] to facilitate the expression
of quaternion multiplication:

TP = [Tsps — Ty pv? TSpU + PsTo + Ty X pu] (6)

e If needed, one can convert quaternions into rotation matrices, as R; =
R(p,), using the following property:

p5+ Pt —ps — 3 20p1p2 = pato) - 2(p1pa+ p2e0)
R(p) = | 2(p1p2+p3po) po—pi+p:—p3 2(=pipo+p2ps3) | (7)
2(p1p3 — p2po) 2(p1po + p2p3) PR —pi—p3+p3

o We denote the quaternion conjugate as p*, with p* = pg—ip1 —jp2 — kps,
such that R(p;)R(p;) = R(p;)" R(p;).

e A Lie algebra is a vector space g equipped with a non-associative alter-
nating bilinear map g x g — ¢; (z,y) — [z, y], named Lie bracket.

e Given a Lie group G, the tangent bundle at the identity 771G, together
with a Lie bracket, forms the Lie algebra g of the Lie group G. Examples:

— the Lie algebra of U(1) is u(n), isomorphic to R;

— the Lie algebra of SO(n) is so(n), the algebra of skew-symmetric nxn
real matrices,

— the Lie algebra of H; is Im(H), the algebra of pure quaternions
(quaternions with no real part),

— in particular, the Lie algebras of SO(3), SU(3), Spin(3) and H; are all
isomorphic to the Lie algebra so0(3), the algebra of skew symmetric
3x3 matrices a such that ab=a x b.

e Let v: R — G be a one parameter sub-group of G, i.e. for which vy(0) = I,
the identity element in G. The exponential map exp : g — G is defined
as exp(w) = (1), for w € g. One can see that exp(tw) = y(t), and that
4(0) = w. In practical terms, the exponential map connects elements in
Lie algebras to underlying Lie groups.
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e For an element R in Lie group SO(3) and an element 6© in the corre-
sponding Lie algebra so(3), one has

R = exp(60O) (8)
00 =log(R) (9)

e One can extract the three dimensional rotation pseudovector §@ from 6©®
and vice versa, via

00 = axis(dO) (10)
60 = skew(00) = 06 (11)

For our purposes, 06 can be considered a (not necessarily infinitesimal)
incremental rotation; for example in a time stepper it could be /0 = wdt.

e Just like in (8) and (9), an exponential map links Hj, (unit quaternions),
and its Lie algebra Im(H) of pure quaternions dp = [0,00):

p = exp(dp) (12)
ép = log(p) (13)

e We can define two operators to convert pure quaternions from and to
rotation pseudovectors:

d0 = imag([0, 66]) (14)
[0,66] = pure(d0) (15)

e The exponential map (12) can be explicitly computed from 60 as p =
exp(pure(d0)) using the following closed-form expression:

g sploso) = s (191), 20y (WO}

4. Kinematics of Cosserat rods

Our implementation of IGA beams draws on the Cosserat rod theory. This
implies that the rotation of the beam section is independent from the centerline
position. This differs from the Euler-Bernoulli or Kirchhoff beam theory which
implies that sections remain orthogonal to the centerline, an assumption that
holds only for thin beams, because shear effects cannot be modelled.

4.1. Configuration

A Cosserat beam is represented by the line of its mass centroids (centerline),
which is described by a curve parameterized [47] by a curvilinear abscissa s €
[0,T7:

r=r(s) €R? (17)
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Section rotations R are parameterized by the same curvilinear abscissa s €
[0,7] (even though not mandatory [3] ), assuming that the X axis of the R
frame represents the normal of the beam section, and Y and Z axes represent
the height and width directions, respectively:

R=R(s) €S0(3) (18)

That is, at some point s, along the curve we have independent positions and
rotations: r(sg), R(sq)-

We remark a first source of complication: R is a 3D rotation matrix, that
is a 3x3 orthogonal matrix (hence the special orthogonal group SO(3) in the
terminology of Lie groups). Its 3x3 elements are not independent as RRT =T
must hold: in general it is better to avoid using all nine elements of such matrix
and use quaternions or rotation angles to parameterize rotation frames [28].

4.2. Strains

Following [39], we can express € and k, hereafter called translational strains and
rotational strains, respectively. The translational strain € is:

e=R"r' —e, (19)
where we introduced e, = {1,0,0} and we introduced the curve gradient

,_d’l"

-2 (20)

r

Note that for an undeformed beam we have R'#' = {1,0,0}, that is we
assume that s is a uniform arc-length parameterization. Is other words, at
the initial state, the curvilinear length of a curve from s = a to s = b, i.e.
L= fab [|7||ds, is exactly b—a. Usually, however, splines are not parameterized
with uniform arc-length abscissa, because a generic abscissa 7 is used instead.

If so, we have
dr dr
"= —— =pJ! 21
" dr ds rJ (21)

where a jacobian is defined as Jg, = d—j, and r = g—: is the parametric derivative
(something that is quite easy to compute when dealing with splines).

During an initialization phase, when the beam is still undeformed, values of
jacobians Jg, are computed and stored in memory for all the integration points
- they will be used later, when computing the internal forces.

The rotational strain k is computed as [47]:

£=R'R (22)
Here R = % , while the tilde operator means:
0 =K Ky
K= Ky 0 —kKg (23)
—Ky kg 0
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so it is obvious that one can build & from K or vice versa.

Finally, in case the beam starts in an initially-curved configuration, initial
values €, and K, can be computed using the expression above, then one would
compute effective strains with:

4.3. Constitutive model

Once € and k are computed, with some generic constitutive model one can
compute their conjugate vectors, i.e. the generalized cut-section forces n and
cut-section torques m, henceforth called translational stresses and rotational
stresses, respectively. The most generic constitutive model is expressed by a
non-linear function:

{e,k} €R® — {n,m} € RS (26)

Note that m and m are expressed in the local coordinate system of the
section frame: if one needs the absolute values of such vectors, they can be
computed easily, later, as

n, = Rn (27)
m, = Rm (28)

When structural damping is needed, instead of (26) we use:
{e,k, 6k} €RZ = {n,m} ¢ RS (29)

by introducing the strain derivative as € and the curvature derivative as K.
See section (8) for more details on the methods for computing generalized
strains.

4.4. Equilibrium
The strong form for the equilibrium of the Cosserat beam is:
n,+n, =0 (30)

m, + 7, xn, +m, =0 (31)

where, if provided, n, is the external force distributed on the beam, and m, is
the external torque distributed on the beam, both expressed in absolute coor-
dinates. The subscript ¢ means we are using absolute coordinates for 7’ too.
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Figure 1: Spline discretization of the beam with independent position and ro-
tation fields.

5. Discretization with IGA elements

The beam is approximated with IGA. To this end we assume that the beam is
represented as a B-spline whose control points are nodes, each i-th node being a
coordinate system {x;, R;} with position z; € R® and rotation R; € SO(3), as
shown in Fig. 1. For the rotation, however, we choose to parameterize rotation
matrices R using unit-length quaternions p € Hjy, so the configuration of each
node is a compact set of 7 scalars: {z;, p,}.

5.1. System state vectors

The state of the system contains velocities and angular velocities of each frame
{&;,w;}. We consider w; expressed in frame-local coordinates.

This means that the state of the system, for n, nodes, is given by the
system-level configuration q and the system-state velocity v as:

q:{w17p17w27p2a"'7$nr”7pnn} (32)
v={k,wy, Lo, ws,...,ETn, ,Wn, | (33)

In both statics and dynamics analysis it happens that one has to update
by updating the g configuration by applying some computed increment. For
instance, in a linear static problem one has Kdq = b and gq,,.,, = g + dq. Also
numerical methods for DAEs and ODEs in dynamics proceed by performing
updates on the configurations at each time step. The problem is that, within
our state g, positions can be updated with straight sums as ©; new = %; + d2;,
but quaternions cannot be updated as easily. In fact doing a straight sum with
adp; € Hy as in p; .0, = p; + 9p; could invalidate the unit-length of p; ..,
A more rigorous solution is to do incremental updates of quaternions using the
exponential map. This requires some basic concepts of Lie algebras exposed in
the previous section.
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This said, in our code we can work with increments in the following form:
5(] = {(5(131,(501,6:132,502,...,5:1371”’,(50””} (34)

and, where one has to perform the incremental update to find gq,,.,,, the rota-
tional parts are incremented pre-multiplying the quaternion by an exponential
map, as:

Tinew = Ti + 05 (35)
pi,new = pfpi (36)

where one computes p¢ = exp([0,66;]) using (16), then computes the product
pfpi using (6). More succinctly, the incremental update is a map q,,., =

A(q,dq).

In the following, for expressing formulas in a easier way, we group all the
translational degrees of freedom and all the rotational degrees of freedom in two
separate vectors q,, and q,, and we do the same for the increments dq,, and dq,:

q, = {0x1,0xa,...,02,, } (37)
qp:{p1»p2a-..7pnn} (38)
dq, = {0x1,0xa,...,02,, } (39)
5qp = {5017(502,...,50,’%} (40)

5.2. Interpolation

In IGA, the role of FEA shape functions is done by Basis Functions of the spline.
For a given knot abscissa 7 along the spline, one can compute interpolated
position and gradient using Basis Functions N;(7) and their derivatives N;(7) =

d]\;iT(T) , that is:

r(r) = 3 Nitr)a (a1)

iy 4O

J 1 (42)

dr °7

= " Ni(r)ziJ (43)

Once this is computed, €(7) can be computed with (19).

Similarly, one would be tempted to interpolate the rotation at a given ab-
scissa 7 using a similar method, however applying directly p(7) = >, Ni(7)p;
is not possible because the linear sum of unit quaternions does not represent, in
general, a rotation. In fact, the spline interpolation of quaternions is still a de-
bated problem and exact solutions presented in literature, such as [26, 25], often
lead to complex formulas that add complication and computational overhead.
As a simplification we introduce an auxiliary co-rotated system p, for instance
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an average of rotations of the closest nodes, and we interpolate rotations by do-
ing a weighted sum of rotation pseudovectors later recast as a quaternion using
the exponential map:

p(t) = pexp (pureZN )imag(log(p* pz))) (44)

?

Then, the R matrix can be computed as R(p). Also, the curvature k is com-
puted as:

ZJ 'Ni(7)imag(log(p(r)" p;)) (45)

These allow the computation of local stresses m(7) and n(r) according to
(26). If a constitutive material includes damping effects, one can compute also
(1) = R"Y, Ni(n)a:J;;! and k(1) = RS, Ni(t)Riw;J;;! to be used in
(29).

5.3. Gauss quadrature

As in most FEA frameworks, also in IGA the backbone of the process is the
computation of three main ingredients: the vector of internal forces f;,,, the
tangent stiffness matrix K3, and the mass matrix M. Once these are computed,
one can solve, for instance, linear elastic problems as K;6q = f,,;, non linear
elastic problems that iterate on K;dq = f.,; + fin: UDP to convergence, explicit
dynamic integration as in Mq = f.,; + f;,. and so on. Therefore, in the
following, we present the procedure for computing these terms, starting from
the most relevant part, that is the vector of internal forces f,,,;.

Here we focus on computing f,,,, via typical Gauss integration. We remark
that an appropriate choice of integration points must be used in order to avoid
shear locking phenomena, to this end we used selective reduced integration re-
quiring fewer quadrature points than standard integration techniques. Efficient
choice of Gauss points is discussed by various authors, for instance [23, 21, 1].
In fact, a more recent and efficient approach to IGA consists in using collocation
instead of Gauss integration [3, 31, 45].

Also, we use the same idea of FEA of computing internal forces and ma-
trices on a per-element basis, where later all element terms will be assem-
bled/overlapped in global system-level matrices and vectors. In this sense, in
our embodiment the j-th element is the j-th span of the B-spline, so for each
element we compute f,,, ;, and later all those per-element internal forces are
assembled in a single vector !

IDifferently from FEA, in IGA one could compute the system-level vector without passing
through intermediate per-element vectors, but here for clarity we develop our formulation on
a per-element basis

10
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Over the j-th span from s = s4 to s = sg the weak form of the equilibrium
reads:

sB SB
oIl = / (deany + koM, ) ds — / (dxym, + 60,m,)ds (46)

SA SA

Recalling (19), evaluating its increment and referring it to the global coordi-
nates:

de, = orl, — 60, x 7!, (47)

So, at a point at abscissa 7 along the spline, Je and dk can be expressed
using interpolation of the B-spline given the following terms:

(51"; = Z JS_Tl.Z\O/VZ(SiBZ (48)
0ka =Y _ Ji'NiR;60; (49)
50, = > NiR;00; (50)

We rewrite the weak equilibrium introducing the vector of internal forces

6q_¥1f1',m‘,,j - 5q§1fext,j =0 (51)

where f
j-th node.

Looking at the expressions above, one can write the expression of the con-
tribution from the i-th control node to f as an integral in s arc-length

and f

int,j ext,; are the internal and external forces acting on the

nt,j
coordinate:
o T
5B J;lNJ N;R;# n
Fintji :/ { * 0 J_zlﬁR. m. |9 (52)
SA ST 1+ a

The integral is computed with a sum over ng, Gauss points, so we introduce
Gauss point weights wy;, jacobians J,¢ = Z—Z where ¢ € [—1,+1] is the coordinate
used for Gauss quadrature. Because of change of coordinates, we also have to
multiply the integrand by Js,, so some jacobians will simplify as J;'Jg, = 1.
Finally one has:

wap NI J,NRi# 1"
i stV LT Na
Fint,ji = zk:waTC { 0 NZRZ ] [ mg } (%)

Here all the terms of the integrand (namely, N;, ]\ofi, Jor, 7', ng and my,)
must be computed for the k-th knot abscissa 73, = (SBESA Cr + SB;FSA) where (i
is one of the ny, tabulated abscissas for Gauss integration, i.e. coupled to the
corresponding weight wy. By the way one can see that J., = 22534,

11
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We remark that control points will affect neighbouring spans (elements)
hence terms f;,; ;; from different spans will overlap and must be summed to
obtain f;,; ;.

The number of nodes influencing a single span increases with the spline order.
IGA spline Basis Functions can be considered like shape functions affecting more
knot spans, combining each other in the shared segments of support. For this
reason an higher spline order leads to more overlapped Basis Functions, while
increasing the element order in FE analysis adds nodes within the element but
internal nodes do not affect adjacent elements. This leads to a band-diagonal
stiffness matrix whose band width increases with the spline order, as opposed
to traditional FE elements characterized by a block-diagonal stiffness matrix
whose blocks overlap only at the boundary nodes.

6. Inertial effects

The beam discussed so far does now include inertial effects, that are needed if
one wants to simulate (linear or non-linear) dynamics. For the case of dynamics,
the strong form of the Cosserat beam becomes:

The strong form for the equilibrium of the Cosserat beam, assuming the
center of mass being centered on the beam centerline, is:

VT, =mn, +n, (54)

Jowg + Gad qwq = ml, + 1l X 1y +m, (55)

where v is mass per unit length of the beam (ex. in [kg/m]), J, is the tensor of
inertia per unit length of the section, in absolute coordinates, hence if a sectional
J is given in local section coordinates, one has J, = RJR”, and finally @, J  wq
is the gyroscopic term, depending quadratically on angular velocity.

In the most general setting where the center of mass of the section is not
necessarily centered on the centerline r(s) of the beam, the strong form for the
equilibrium of the Cosserat beam becomes:

Mr'r‘,a';’a + Mrw,awa + VWeWeCy = n; +n, (56)
M'wr,a'};a + Mww7awa + (:)aJawa = mfz + ’I”; X Mg + m, (57)
where ¢, is the distance of the center of mass to the centerline, leading to an
additional quadratic term v@,w,c, (that can be interpreted as a centrifugal

force), and where we introduced a sectional mass matrix Mg, expressed in the
centerline reference of the the section, as:

v 0 0 0 ve, —Uey
0 v 0 —ve, 0 0
M. — {MW Mm] _ |:VI V&T:| 0 0 v ovey 0 0
ST \My, My, |ve J 0 —ve, vey  Jag 0 0
ve, 0 0 0 Jyy Iy
—vey 0 0 0 —Joy  Jaz
(58)

12
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where v is mass per unit length of the beam (ex. in [kg/m)]), ¢ is the position of
the center of mass respect to the centerline, in the local beam section reference
(hence with ony y and z values, and ¢, = 0), Jy, = [, pz2dQ, J.. = [, py*d,
Jyz = Joy = [o pyzd€QQ, and finally J,, = Jy, + J.. by the polar theorem.

Note that for uniform density, one can compute J values from the second
moments of area (the same values used for the elastic properties) as Jyy = plyg
etc.

The sectional mass matrix relates linear /angular momenta and velocities (all
them in local section reference) as

(=T e o0

The corresponding sectional mass matrix in absolute reference is:

— M'r'r,a M'f’w,a . R O RT 0
MSa - |:er,a Mww,a:| o [0 R:| Ms |: 0 RT (60)

Note that the presence of quadratic terms (gyroscopic etc.) in inertial forces
can have an effect both on stiffness and damping matrices, because they add
up to the internal forces and, as such, they could add a contribution in K; =
—Vgfin: and Ry = —V, f;,,; if one needs such matrices for linearization, modal
analysis or such.

6.1. Consistent mass matrix

Going to the weak formulation, for numerical implementation, one has to com-
pute the element mass matrix M, assuming accelerations in absolute reference.
This can be done in two ways: using a lumped mass matrix, or using a consistent
mass matrix.

With the approach of the consistent mass matrix, one performs a Gauss
quadrature over the element as

sB
Meij :/ NiNjMSadS (61)
SA
ngp
=Y wi o Jr(NiN; My, (62)
k

Since our formulation uses angular velocities and torques expressed in local
references R; of the nodes, instead than in the absolute reference, all M matrices
should be transformed via a left-multiplication with I and R} blocks on the
diagonal per each node, and right-multiplication with I and R; blocks to obtain
the matrices M; that we can finally assemble at system level:

I 0o o0 o I 0 o0 o0
o R 0o o 0 R, 0 O

M,=|0 o0 I o0 |M.,|0 0 I O (63)
0 0 0 R, 0 0 0 Ry

13
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Note that for small differences of sectional R respect to the node rotations
R; of the element, as in case of moderate bending, one can simplify R?R ~ I
and RTR; ~ I, also one knows that RM TT,aRT = M, , = vI thus obtaining
a simplified expression:

5B M RM
My z/ N;N; [ e Tw} ds (64)
A T MR My,
& M,.. RM,,
k‘ wr ww

This works also in case of large rotations and displacements, but again recalling
that the simplification holds for small bending within a single element span.

A further simplification: note that the latter simplified expression is constant
if M, =0, M,,, =0 (that is, when the center of mass is on the centerline),
and in this special case it simply becomes:

ngp

M, ~ Z Wi JsrJr¢ Ny N; M (66)
k

This constant expression could be evaluated just once at the beginning of the
simulation.

6.2. Lumped mass matrix

The approach of the lumped mass matrix is more favorable in terms of compu-
tational efforts. Basically at each i-th IGA control point we create a 6x6 mass
matrix M ;; accounting for a portion of the total mass of the element.

There are different heuristics to obtain lumped masses: in our case we use a
simple method where we compute and equivalent length per node as A = L/n
where L is the span length at the beginning of the simulation, and n is the
number of nodes affecting the span (ex. n = 2 for a linear IGA, n = 3 for a
quadratic IGA, etc.). Finally, one has that M; of the element has the following
blocks on the diagonal:

M'rr,a RMrw

My;; = A erRT M,

(67)

Note that M ., is constant as a consequence of the fact that we assumed
angular velocities w; to be expressed in the local coordinate system.

In the case of center of mass corresponding to centerline, on the diagonal
one has only atomic masses m; = Av for the translation degrees of freedom, and
and the 3x3 tensor of inertia M, for the rotational degrees of freedom, in this
special case one does not need to rotate the upper right and lower left blocks
with matrices R, and we arrive to a very simple expression, that being constant
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it can be evaluated once at the beginning of the simulation:

M;; = \M (68)
vl 0
=\ [ 0 MWJ (69)
For symmetric sections, moreover, the term  AM ., =

diag(AJza,, Ayy,, AJ.z,) is diagonal too.

7. Stiffness and damping matrices

Tangent stiffness and damping matrices might be required for various reasons:
implicit integration schemes, linearized motion, modal analyis, etc.

The tangent stiffness matrix and the damping matrix are computed by nu-
merical differentiation of f;,,.

| Re=Vfui== "] o)

Since the procedure for computing (53) is quite simple, the computational
overhead is not excessive with respect to an analytic evaluation of the matrix,
yet it has the useful property of being of general validity even when using black-
box nonlinear constitutive laws for materials. For a practical implementation,
for the sake of high performance, one should exploit the sparsity pattern of K.
In detail, the numerical differentiation operates on a per-span basis, to obtain
per-span stiffness matrices Ky; that are summed afterward to obtain the large
and sparse K; system-level matrix.

8. Constitutive models

Elements of chrono::fea::ChElementBeamIGA class own ”section” objects that
define their constitutive model: the chrono::fea::ChBeamSectionCosserat
objects.  These section objects, in the base implementation, are made
by three components describing separately the elastic, plastic, and damp-
ing constitutive models, hence sections are made by three objects inher-
ited respectively from the classes chrono::fea::ChElasticityCosserat
chrono: :fea::ChPlasticityCosserat chrono::fea::ChDampingCosserat.
In the following we describe the implementation of some of them.

8.1. Models of elasticity

This is a list of ready-to-use constitutive models, all inherited from the
chrono: :fea::ChElasticityCosserat class.
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8.1.1 Generic linear elasticity

This section describes the elasticity model implemented in the class
chrono: :fea::ChElasticityCosseratGeneric.

The generic case of constitutive model for the Cosserat rod, with linear
elasticity, requires a matrix of sectional stiffness E., € RS not necessarily
sparse. Such matrix can be provided by some detailed 3D FEA analysis of a
chunk of beam, in a preprocessing stage.

(2)-mm{5)

We remark that, depending on the 36 values used in the 6x6 FE¢, matrix,
n and m might have coupled effects. Figure 2 shows the reference coordinate
system of the section.

Figure 2: Section of the beam. Generic case.

8.1.2 Basic diagonal linear elasticity

This section describes the elasticity model implemented in the class
chrono: :fea::ChElasticityCosseratSimple.

For centered symmetric sections, the previous relation can be simplified. In
fact one can express the constitutive relation via a linear mapping where n and
m effects are uncoupled:

n = n(e) (72)
m =m(K) (73)

In detail, with linear elasticity, a very common case is the linear mapping:

n = Ce (74)
m = Dk (75)
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where one simply uses the material matrices:

EA 0 0 GJI 0 0
c=| 0 GAk, 0 D=| 0 EI, 0 (76)
0 0 GAk 0 0 EI

for given material Young’ modulus F, shear modulus G, area A, Timoshenko
shear correction factors k,, k., torsion constant J, and second moments of area
1, I, computed in the section reference. Note that the center of axial forces Cj
and the shear center Cy are in the origin, by assumption. See Fig. 3.

Figure 3: Section of the beam. Simplified case (diagonal FEe).

8.1.3 Advanced section for linear elasticity

This section describes the elasticity model implemented in the class
chrono: :fea::ChElasticityCosseratAdvanced.

A more general constitutive model is the one depicted in Fig. 4, where the
1, I, are computed respect to an auxiliary reference Cj,, center of axial forces,
that has displacement y,, z, and rotation a respect to the reference center line
of the beam [32] .

Also, in case of non-symmetric sections, it may happen that the shear center
Cs does not coincide with Cy; if so, one can provide displacements ys, zs and
rotation [ of the reference of the shear center C respect to the reference center
line of the beam.

Usually, for symmetric sections, it tends to ys = vy, 2s = 24, @ = 8. For
simple problems like rectangular or circular sections centered on the reference
line of the beam, one has ys =y, =0, zs = 2, =0, a = = 0.
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Figure 4: Section of the beam. Advanced case.

The linear model becomes:

ail 0 0 0 a2 Q13
s11 s12 s13 O 0
n _ 0 S21 S22 S23 0 0 €
{ m }_ 0 S31 S32 S33 0 0 { K } (77)
a1 0 0 0 az a
azr 0 0 0 a3z ass

Here the components a;; = A and s;; = S are obtained by rotations R and
translations T" of the diagonal constitutive matrices Ac, and S¢;,:

A=Tc,Rc,Ac,RL, TE, (78)
S =RLT:'Sc. T Re, (79)
where
EA 0 0 GAk, 0 0
Ac,=| 0 EIL, 0 Sc. = 0 GAk, 0 (80)
0 0 FIL 0 0 GJ

The above model requires the following parameters: Young modulus E, shear
modulus G, area A, Timoshenko shear correction factors k,, k., torsion constant
J, and second moments of area I, I, as the diagonal simplified model, plus the
position and rotation of Cy as y,, 2, and «, plus the position and rotation of Cj
as ys, zs and .

8.1.4 Mesh-integrated section

NOTE: MESH INTEGRATED SECTION IS EXPERIMENTAL.
This section describes the elasticity model implemented in the class
chrono: :fea::ChElasticityCosseratMesh.
The model is represented in Fig.5. This model is based on a triangle-mesh
representation of the section.
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Figure 5: Section of the beam. Mesh section case.

The user can input an arbitrary number of triangles, that can be used to
approximate whatever type of section shape.

The idea is that the constitutive law {e,k} — {n,m} is computed via
integration of a 3D constitutive model over the section, via the following steps:

1- Given € and k, the 3x3 tensor of the 3D strain €; is computed at each
i-th p, point, in C reference orientation:

dkg
Exz = €z + RyZ — RY + W(y, Z)TKI (81)
dw
Yoy = 2€zy = € +Hz<z> 82
Ow
Vzz = 2642 = €, + Ky <(9Z + y) (83)

Note that warping is represented by a function w(y, z), that is assumed zero for
performance reasons.

2- Then a constitutive law, that can be arbitrarily defined by the user, in-
cluding plasticity, is used to compute the 3D stresses:

O'z':lfi(€z')

Note that o,y and o,, and o,, are not needed in the following. For example,
for linear elasticity, one could simply set 0., = Fegze, Ozy = GVay, Ozz =
G7z.. However, more complex laws could be used, with orthotropic or plastic
behaviour, for instance.

3- Finally the 3D stresses o; are linearly interpolated over triangles, and
their linear interpolation is integrated over the triangles to give the resulting n
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and m as:

nm:/owdA (84)
A

ny:/oxydA (85)
A

nz:/amsz (86)
A

My :/ (Yyogs — 204y) dA (87)
A

my = / 20dA (88)
A

m, = / yoadA (89)
A

Note that the integrals above have a closed form solution assuming linear
interpolation over triangles. In fact they boil down to a sum over triangles where
the ¢-th triangle has area A; and coordinates p; py ps, with corresponding values
Ol,zzs 02,2z, 03,22 etc.:

Ng = § Ngt, Ny = § Nyt, Nz = E Nzits (90)
t t t

my = § Mgty my = E Mgy t, m,; = § Mzt (91)
t t t

Ngt = Ae(01,22/3 + 02,22/3 + 03 22/3) (92)
Nyt = A(01,0y/3 + 02,04/3 + 03,24 /3) (93)
ot = Ay(01,22/3+ 022 /3 + 03.22/3) (94)
Mzt = 2A¢((01,2:P1,9) /12 + (01,02P2,y) /24 + (02,22P1,5) /24 (95)
+(01,2:P3,) /24 + (02,22D2,4) /12 + (03,22P1,4) /24 (96)
+ (02,2:P3,y) /24 + (03,22D2,y) /24 + (03 ,22D3,y) /12 (97)
= (01,0yP1,2) /12 = (01,0yD2,2) /24 = (02,0yD1,2) /24 (98)
—(01,0yP3,2)/24 — (02,2yD2,2) /12 — (03,2yP1,2) /24 (99)
— (02,0yP3,2)/24 — (03 2yD2,2) /24 — (03 2y D3.2) /12) (100)
Myt = 24:((01,2201,2) /12 + (01,02P2,2) /24 + (02 22D1,2) /24 (101)
+ (01,20P3,2) /24 + (02,22P2,2) /12 + (03,22P1,2) /24 (102)
+ (02,20P3,2) /24 + (03 22P2,2) /24 + (03 22P3,2) /12) (103)
Myt = —2A;((01,22P1,9) /12 + (01,22D2,y) /24 + (02,24D1,y) /24 (104)
+ (01,20P3,y) /24 + (02,00D2,y) /12 + (03 2aD1,y) /24 (105)
+ (02,22D3,y) /24 + (03, 0eP2,y) /24 + (03,02P3,4) /12) (106)

An alternative to the closed-form integration above would be to use a more
general Gauss quadrature, that is a weighted sum of the integrands over Gauss
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points. However, Gauss points could not stay at the vertexes of the triangles,
and would amount to a larger number of point samples. In our approach,
instead, one gets the same results of the analytical I, of a rectangular area
just with two triangles and 4 points (two are shared between triangles, on the
diagonal).

Benefits of the above approach:

e one does not have to provide A, I, I, and other geometric properties;

e one can use multiple materials as in layered beams (in this case one as-
signs different materials to vertexes; btw. if two triangles with different
materials must be side to side, it is enough to have that their vertexes at
the interface won’t be shared, but overlap)

e one can use plasticity (in this case maybe one needs to create a section
mesh that has many inner points, to have a better sampling of the material
properties, ex. with Poisson uniform sampling of the area).

Drawback: this model makes the kinematic assumption of rigid rota-
tion/translation of the section, assuming that the section remains flat. This
is not an issue for bending or pulling (where the results should match those
obtained by the ’advanced section’ case above), but it can be inexact for shear
and twisting. In detail, twisting would be correct only for almost-circular shapes
like 'O’ tubes; for other shapes such as C’ sections, shear would be wrong, as
it should circulate. Also, warping causes longitudinal tension and other effects
(ex. see Vlasov theory), not accounted here as we assume thewarp function
w(y,z) = 0 for simplicity. Finally: shear on y or z should give a shear that
vanishes at the section border, in the continuum, but the approximation above
neglects this.

To avoid the drawbacks above, we suggest to do a 3D FEA analysis of a chunk
as a preprocessing, and put the 6x6 matrix in the ’generic linear elasticity’, with
the only caveat that you would loose the ability of using generic o; = o;(e;)
material laws.

TO DO: SEE IF ADDING THE WARPING TERMS THIS CAN
FIX THE DRAWBACKS.

8.2. Models of damping
This is a list of ready-to-use constitutive models for damping, all inherited from
the chrono::fea::ChDampingCosserat class.

8.2.1 Linear damping

This section describes the elasticity model implemented in the class
chrono: :fea: :ChDampingCosseratLinear. The model is based on a simple
relation via a constant sectional damping matriz Ry € R6*6 that maps the the
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instantaneous rate of change of € and x to the sectional forces:

(a)-n ()

An easy sub-case is when R is diagonal, hence defined via six scalar values of
structural damping. Even in this case, anyway, finding good values of structural
damping is not easy and might take complex experimental validation. An even
simpler alternative is using the Rayleigh damping - see below.

8.2.2 Rayleigh damping

This section describes the elasticity model implemented in the class
chrono: :fea: :ChDampingCosseratRayleigh.

The original Rayleigh defines a damping matrix as a linear combination of
mass matrix and stiffness matrix, as R = aM + BK, in case of linearized
motion.

In our case we extend this to the large displacement case, with some caveats.
First of all, the model is defined via the single 5 parameter of the Rayleigh damp-
ing model; i.e the stiffness-proportional damping. The « mass-proportional
damping here is neglected. Second: the concept of stiffness matrix in the case
of large motions can be equivocal, as it could be even the tangent stiffness. To
keep things simpler and more predictable, in our model we use the sectional
stiffness matrix at the initial undeformed configuration, hence we have the con-
tribution of damping as:

{ :1 }ZBEs(toaﬁoaﬁo){ Z } (108)

8.3. Models of inertia

This is a list of ready-to-use models for sectional inertia, all inherited from the
chrono: :fea: :ChInertiaCosserat class.

In general, all models should be able to provide a sectional mass matrix M
that connects linear/angular momenta and velocities (all them in local section

reference) as
L My, My | |7
) = o e ey 19

8.3.1 Basic diagonal inertia with centered mass

This section describes the elasticity model implemented in the class
chrono: :fea::ChInertiaCosseratSimple.

As seen in Fig.6, it assumes the center of mass to be in the centerline C, and
the section to be aligned to main inertia axes.

The needed parameters are:

22


http://api.chrono.projectchrono.org/classchrono_1_1fea_1_1_ch_damping_cosserat_rayleigh.html
http://api.chrono.projectchrono.org/classchrono_1_1fea_1_1_ch_inertia_cosserat.html
http://api.chrono.projectchrono.org/classchrono_1_1fea_1_1_ch_inertia_cosserat_simple.html

ProjectCHRONO technical documentation

e volumetric density p in [kg/m?].

e area A, in [m?]. Recall definition A = [, d

e second moments of area I, and I,., in [m?]

[ 2%dQ, L. = [, y2dQ.

. Recall definitions: I, =

Assuming a constant volumetric density p in the material, one also has J,, =
fﬂ pz2dQ = plyy, J.. = fQ py?dQ) = pI,,, and finally, for the polar theorem,
Jze = yy + Joz.

Hence all values of the sectional mass matrix My can be simply obtained
using the following formula:

pA 0 0 0 0 0
0 pA 0 0 0 0
0 0 pA 0 0 0

M, = 11
0 0 0 |py+L.) 0 0 (110)
0 0 0 0 pl,, 0
0 0 0 0 0 pl.

Figure 6: Section of the beam. Simple diagonal case.

8.3.2 Advanced generic inertia

This section describes the elasticity model implemented in the class
chrono::fea::ChInertiaCosseratAdvanced.

As seen in Fig.7, it assumes the center of mass C,, to be optionally offset
from the centerline C'.

The needed parameters are:

e sectional density per unit length p, in [kg/m].

e the distances y,, z,, of the center of mass C,, respect to the centerline C.
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Figure 7: Section of the beam. Advanced case, with offset of center of mass.

e sectional moment of inertia per unit length Jy,, in [kgm)]

e sectional moment of inertia per unit length J.., in [kgm)|

e sectional moment of inertia per unit length J,., in [kg m]

Moments of inertia Jyy, Jyy, Jy- are assumed measured respect to the YZ
axes of the section, with origin at centerline C.
Note that there is no assumption of Y Z axes to be aligned to main axes of

the inertia tensor.

Also, there is no assumption of uniform density: one just needs to compute
the p mass per unit length and Jy,, Jyy, Jy. inertias per unit length, even for
a non-uniform beam, using some form of integration or pre-processing via the

u:/pdﬂ
Q

Jyy = / p 22 dQ
Q

Jzz :/py2dQ
Q

Jy. = / pyzdS)
Q

formulas

Values of the sectional mass matrix M will correspond to:

" 0 0 0 HC,  —lCy
0 W 0 —lCy 0 0
M. — 0 0 W JCy 0 0
s 0 —pc, pey | (Jyy+J.2) O 0
He, 0 0 0 Jyy  —Jyz
7IU,Cy 0 0 0 *Jyz Jzz

24

(111)
(112)
(113)

(114)

(115)



ProjectCHRONO technical documentation

8.3.3 Advanced generic inertia in mass reference

This section describes the elasticity model implemented in the class
chrono: :fea::ChInertiaCosseratMassref.

Figure 8: Section of the beam. Advanced case, with offset of center of mass and
inertias defined in the Cm reference along Ym Zm.

As seen in Fig.8, it assumes the center of mass (), to be optionally offset
from the centerline C like in ChlnertiaCosseratAdvanced, but here inertias are
assumed to be computed in the reference of the center of mass C,,, along rotated
axes Yy, Zm.

The needed parameters are:

e sectional density per unit length p, in [kg/m].
e the distances y,, z,, of the center of mass C,, respect to the centerline C.

e rotation angle ¢, in [rad], of the mass auxiliary reference Y;,, Z,,, respect
to main axes Y Z.

sectional moment of inertia per unit length Jy,,, ,
o sectional moment of inertia per unit length J,,

Moments of inertia Jyy, Jyy, Jy. are assumed measured respect to the Yy,
Z, axes of the section, using origin at center of mass C,.

Axes Y, Z,, are assumed principal axes of inertia, so J,, = 0 by assump-
tion.

Values of the sectional mass matrix M will correspond to:

I 0 0 0 He,  —uCy
0 W 0 —lCy 0 0
_ 0 0 W JCy 0 0
M, = 0  —pc. pey | (Jyy+J.2) 0 0 (116)
He; 0 0 0 Jyy  —Jyz
—HCy 0 0 0 —Jyz Jzz
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where
Jyy  —Jyz| Jyym 0 T pc? —pcyC,
{—Jyz J. | TBe 0" gL | B T ueye. pel (117)

where the 2x2 rotation matrix R4 contains sines and cosines for the rotation
of an angle ¢ about axis x.

8.4. Models of plasticity

This is a list of ready-to-use constitutive models, all inherited from the
chrono: :fea::ChPlasticityCosserat class.

8.4.1 Simplified beam plasticity

This section describes the plastic constitutive model 2 implemented in
chrono: :fea::ChPlasticityCosseratLumped class.

This model simply uses one of the elastic models exposed in 8.1.1, 8.1.2,
8.1.3 or 8.1.4 as the elastic constitutive model to compute the elastic predictor
n, m, then it performs six independent plastic return mappings for the separate
components Ny, Ny, Ny My, My, M.

This means that, assuming mixed nonlinear isotropic-kinematic hardening,
one must introduce six functions expressing the isotropic hardening n, y (el ),
nyy (€ ), nzy(€), may (€, ), myy(e, ), m.y(e, ), and six functions
B, (€0,) B, (@) B (€.) Bn, (€.,) B, (€n,) Bin. (1))

See Appendix A for a primer on plasticity.

In most cases, however, plasticization has a greater effect on wire bending,
so one might input only the yield data for the Y and Z bending: my y (E{;y),
my,y (€, ) and B, (€h,,): Bmy (€b,.). This is especially true for thin beams.

In the simplest setting, i.e. in a pure plastic context, the above curves
just become two yield constant values n,y, nyy. These are like limits that
‘clamp’ the maximum cut-torques in the beam; beyond those limits, the beam
plasticizes.

This approach, though computationally efficient, has some limitations:

e there is no information on how stresses are distributed within a section.
For example, in a real 3D withstanding plasticization, when the beam is
bent back to straight shape, the state of residual inner stresses is a zig-zag
pattern, but in this formulation there is no way to recover this information;

2We remark that when high accuracy is needed in studying beams that withstand plasti-
cization and large displacements, most often it is necessary to switch to a completely different
approach where no beam finite elements are used at all, and the beams are modeled with a
fine mesh of 3D hexahedrons or tetrahedrons with 3D plasticity. But if one aims at a low
computational overhead, and if some simplifying assumptions can be accepted, there are some
solutions that can introduce plasticity within the structural beam elements such as the IGA
beam described here.
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e all plastic effects are decoupled: this makes the model fit mostly for cases
where one has pure bending in a single direction, but no bending plus
strong pulling, etc.;

e again, because of the decoupling of the plastic effect in the three bend-
ing directions, a diagonal bending might give a different result from what
would happen in a real 3D beam; also, for the same reason, bending a cir-
cular shape is not indifferent to the direction of the bending, as expected,
but shows some isotropy instead.

For the reasons above, this simplified beam plasticity can be suggested only
for problems with thin beams that plasticize while bending in a single Y or Z
direction, or plasticize with pure torsion on X, or plasticize for pure elongation.
But it is better to avoid it for mixed cases.

8.4.2 Mesh section beam plasticity

NOTE: UNDER DEVELOPMENT - DO NOT USE.

This approach can be used only if paired with the mesh-based elastic con-
stitutive model 8.1.4. In fact, it uses a 1D plasticity model for the continuum,
where the yield is specified for the o, stress (the longitudinal stress of a (y,z)
point on the section). Such plasticization is enforced for the o, stresses of all
points of the mesh of Fig.5, so it is suggested to have a dense and uniformly
spaced mesh. This approach allows to plot the distribution of stress, plastic
flow etc. along a section.

For the reason above, in this case it is necessary to provide two curves,
oy = oy (&) and B = ().

This method has some benefits: it can give results close to what happens
in a real 3D beam, even if one couples bending in Y and Z directions and also
traction. Moreover, one could use the typical oy (¢?) and 3(€”) hardening curves
available in metal datasheets or from laboratory tests.

The limitation of this method, as for the mesh-based elastic constitutive
model 8.1.4, is that torsion does not consider warping, and shear is not vanishing
at the border of the section as it should happen in reality (ie. no parabolic shear),
so if one wants to apply a plastic yield also to shear, the final result would be a
loose approximation of the real beam (an exception is that it would work just
fine for circular beams). This is not a big limitation in case of long thin beams,
where plasticization is mostly interesting for bending, hence relative to ;.

9. Numerical tests

9.1. The ring bending test

This is a classical benchmark where a cantilever beam is subject to a concen-
trated torque 7' acting on the tip to obtain a ring bending deformation. Since
the length of the neutral axis is constant under pure bending, the initial beam
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length L must be equal to the final circumference, hence the curvature radius
must be p = % For a linear elastic rod it holds p = %, so the torque required

to obtain a perfect circle must be

_ 2nET

T
L

Because of the large deformations, we performed a non-linear static analysis
where the torque value has been increased gradually to avoid divergence. Our
simulations converge consistently with the analytical solution, as shown in Fig. 9.

Figure 9: Progression of ring bending

9.2. Princeton beam experiment

A thin beam, depicted in Fig. 10, is subject to large deformations and large
rotations because of a tip load at F, for different angles . A non-linear analysis
shows that, for large displacements, a strong twisting action couples to the
bending action, hence obtaining out-of-plane displacements even if the load is
vertical.

Three loading conditions are tested: P; = 4.448N, P, = 8.896N, and P; =
13.345N, for 0 ranging in the [0°,90°] interval. The beam has length L = 0.508m,
section height H = 12.77mm, section thickness T' = 3.2024mm, Young modulus
E =171.7GPa, v = 0.31, G = E1EY) = 27.37GPa.

Because of the geometric nonlinearities, the solver must perform Newton-
Raphson steps before obtaining a zero residual in the equations of static equi-
librium.

Results in Figs. 11, 12 and 13 show a good agreement between the present
IGA formulation and reference data [4]. In detail, there is a good agreement
with other geometrically-exact beam formulations (non IGA-based) discussed
in [5] for Dymore and in [19] for MBDyn, as well as an agreement with the ex-
perimental results in [16, 17], obtained with a beam made with 7075 aluminium
alloy.
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9.3. Modal analysis

Modal analysis has also been performed on the cantilever in order to compare
the vibration frequencies found numerically with the analytical results available
for this case. The constrained eigenvalue problem [36] is a particular case of the
generalized eigenvalue problem, which means finding the set of values A and of
vectors @ that solves the equation (A® = \B®).

Recalling the dynamic equation of the free vibration of a linear elastic structure
discretized into a set of finite elements, with M and K respectively mass and
stiffness matrix, and u displacement vector we look for the solution in the form
u = Psin(wt) of the equilibrium equation M# + Ku = 0.

This approach leads to a generalized eigenvalue problem in the form K® =
w? M ® whose eigenvalues are the free vibration frequencies. We solve the con-
strained problem following the approach proposed by Porcelli for linearly con-
strained system. It requires to calculate a matrix Z whose columns are a basis
for the kernel of the constraints system of equations and then solving the gen-
eralized eigenvalue problem whose dimension is reduced by the number of con-
strained DOF m. It can be verified that for the cantilever this is equivalent to
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trim the fist six rows and columns of the matrices, which is done automatically
by Chrono if the first node is set as fixed.

Mass and stiffness matrices can consequently be processed directly to eval-
uate the eigenvalues and eigenvectors. The so found frequencies f = 5= match
the analytical solution. Furthermore we compare results obtained using I, TII
and V order splines, although no considerable differences emerged since 16 con-
trol points are used. Beam datas: Length: 0.4[m], Section (rectangular):
0.012 x 0.025[m], Density: 1000[kg/m?, Young’s modulus: 200[M Pa), Poisson’s

ratio: 0.3

‘ Analytical 1 Ord. Spline III Ord. Spline V Ord. Spline

y1 | 34.04 34.61 34.31 34.90
zI | 70.92 70.97 71.31 72.49
y II | 213.3 212.1 212.4 213.6
z 11 | 444.5 436.3 437.0 439.4

In order to check the correctness of the eigenvectors their values associated
with y and z displacement are plotted along the beam axis and they correctly
represent the correspondent normal modes.

Eigenmodes{m]
o
Eigenmodes{m]
o

0 0.05 01 015 02 0.25 03 0.35 04 : 0 0.05 0.1 0.15 02 0.25 03 0.35 04
Beam abscissa{m] Beam abscissa{m]

Figure 14: First eigenvector - Y 1st  Figure 15: Second eigenvector - Z 1st
Mode Mode

9.4. Jeffcott rotor

This benchmark explores the reliability of the numerical method in the nonlinear
dynamical analysis of a flexible system rotating at finite angular velocity. A
rotating unbalanced shaft of length L = 6 m is integrated in time. As shown in
Fig. 18, a rigid disk is connected to the shaft at mid-span, above the reference
shaft axis by an offset d = 0.05m. The shaft is made of steel (density p =
7800kg/m?, Young’s modulus E = 210 GPa, Poisson’s ratio v = 0.3). The cross
section is annular (r; = 0.045m, r, = 0.05m). The mass of the disk is my =
70.573kg, the radius is rq4 = 0.24m, and the thickness is t; = 0.05m. The system
is subjected to gravity (¢ = 9.81 ms~2) directed transversely. The end R of the
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Figure 18: Setup of the un-
balanced rotating shaft bench- Figure 19: Mid-point transverse displace-
mark. ment of unbalanced rotating shaft.

shaft is connected to the ground by a cylindrical joint (displacement along and
rotation about the shaft’s axis are permitted). The end T is supported by a
revolute joint; the relative angular velocity about the shaft axis is prescribed as
a function of time,

Ayw(l — cos(mt/Th))/2 0<t<Ty
Q@) = ¢ e T <t<Tp
Alw + (A2 — A1>w(1 — COS(ﬂ‘(t — TQ)/(T?) — T2)))/2 Tg <t S Tg
Asw T3 <t

with 41 = 0.8, Ay = 1.2, T} = 0.5s, Tp = 1s, T3 = 1.25s, and w = 60rads™ !,
close to the first natural frequency of the system. The shaft accelerates from
zero and passes from sub-critical to super-critical regime; when passing through
the first natural bending frequency of the system, lateral oscillations occur and
significant forces take place, as predicted by the linear theory of unbalanced
rotors.

Results plotted in Fig.19 for the case of a 3rd order IGA with nine nodes,
using a second order implicit time stepping integrator, show a good agreement
with reference results obtained with MBDyn.
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9.5. Lateral buckling

This is a benchmark that tests the beam formulation in the context of a dy-
namical problem of difficult integration.

In detail, a flat beam is bent in its plane of highest flexural rigidity, up to the
point where lateral buckling is instantly triggered. In a quasi-static non-linear
analysis, results are visible in Fig. 21. In the context of dynamics, when buckling
occurs, the beam snaps laterally and twists, inducing highly oscillatory motions.
The IGA beam discussed in this paper can capture the nonlinear nature of this
phenomena.

As depicted in Fig. 20, a RC beam with length L = 1m and rectangular
section H = 100mm, B = 10mm, is clamped at the R end point. The snapping
is caused by a tip load at C, generated by mean of a rotating crank GB and
a vertical rod T'B, with a spherical joint in C' and a revolute joint in B. An
initial imperfection is simulated by introducing a small offset d = 0.1mm in the
off-plane direction i between the crank and the vertical bar.

The crank has length L. = 0.05m and its circular section has diameter
D, = 24mm, the vertical rod has length L, = 0.25m and its circular section has
diameter D, = 48mm. The rotation of the crank is enforced by a prescribed
motion function ¢.(¢t) = n(1 — cos(nt/T.))/2, with T, = 0.4s, then after ¢t > T,
it holds ¢.(t) = =.

All parts have Young modulus F = 73GPa and Poisson ratio v = 0.3. For
the three beams, inertia values I, and I, and torsion constants J are computed
using formulas available in classical textbooks.

In our tests the crank and the rod are modeled with 4 nodes each, using first
order IGA beams, whereas the RC beam is modeled with 12 nodes, using third
order IGA beams.

We performed the dynamical analysis both with a conventional HHT time
integrator and with a DVI time stepper. Comparing the results with the refer-
ence data obtained with MBDyn in Figs. 22 and 23, a remarkable fact is that the
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Figure 22: Displacement of the beam  Figure 23: Angular velocity of the
along 4o, at the mid point. beam, at the mid point.

lateral buckling is triggered exactly at the same moment for all the formulations,
and the resulting oscillations have the same period. However, as expected, the
DVI time stepper introduces some numerical damping [40]. When using the
HHT second-order implicit time integrator, results are affected by numerical
damping to a lower degree. The drawback of the numerical damping in the
DVI method can still be accepted when its superior stability and its efficiency
in contact problems are attractive, as shown in the following example.

9.6. Contacts with rigid body

This benchmark shows that the proposed IGA beam performs well in a dy-
namical simulation with complex spatial contacts, especially when using the
non-smooth formulation embedded in the DVI time stepper. A bundle of IGA
beams has been fixed between two shafts, one of which is rotating at constant
speed. A fixed central rod has been added, so that it will be wrapped by the
IGA beams during the simulation, see Fig. 24.

The bundle consists in a set of eight beams, each being an IGA beam of third
order with 57 nodes, for a total length of 0.5m. The section is circular with
a diameter of 0.01 m, the Young modulus is £ = 0.5 GPa, the shear modulus
G = 0.35GPa, the density is p = 1000kgm—3. The internal cylinder diameter
is 0.5 m, while the beams are distributed on a circular pattern of diameter 0.5 m.
The rotation speed is 1rads™?.

The interior-point solver used in this simulation is request to achieve a tol-
erance of 1 x 10719 over the residuals and complementarity gap.

The dynamical analysis has been performed using the DVI time stepper.
For this non-smooth dynamics problem, frictional contacts are enforced as com-
plementarity constraints that do not require any tuning of penalty. Note that
when using conventional implicit or explicit integrators for smooth dynamics,
high penalty stiffness would be needed to approximate contact between rigid
materials without contact compenetration, but in turn this requires very short
time steps to avoid numerical instability.

Multiple tests have been run with increasing time steps, from 1ms up
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Figure 24: Contact with rigid body (in red, elements that are fixed; in blue, the
rotating shaft; in green, the IGA beams).

to 75ms. This range includes values that are unusually large for this type
of analysis; just for reference we report that we ran the same benchmark using
the HHT time stepper and penalty contacts, but to avoid divergence the time
step could not be larger than h =1 x 107 %s.

9.7. Woven mesh

In order to assess the performance of the DVI method for the case of mutual
contact between IGA beams, a woven mesh of IGA beams has been reproduced
and compared to literature [45]. The experiment consists in a 7x7 mesh where
wires are clamped at one end, free at the other. Each wire is modeled with 64
nodes and a third-order IGA rod with cross-sectional radius of 1 mm, Young
modulus F = 10 x 10® and Poisson ratio of v = 0.5, for a total length L =
4L,, = 0.12m where L,, = 0.03m is the wavelength of the curve used to weave
the mesh. Because of the non-smooth contact model no additional compliance
parameter is required.

Contact points are computed automatically by the collision engine consid-

34



ProjectCHRONO technical documentation

ering a sweep of spheres along the beams.

A distributed load of 0.1 N/m is gradually applied to the beams in the verti-
cal direction, and the DVI method is used to perform a non-linear analysis with
a time step of 10 ms using the Interior-Point solver described in the previous
example. Results are shown in Fig.25. The time step could be increased up
to 50 ms without incurring in divergence. Although the tolerance of the solver
has been kept at the strict threshold of 1 x 107'° on residuals and comple-
mentarity, computational time never exceeded 0.997s/step on a 2.4 GHz Intel
i7-4700 processor, with the perspective of achieving even faster performance if
lower tolerances can be accepted and if future optimizations will be implemented
in the code.

e

[ =

(a) Load: 0% (b) Load: 30%

(¢) Load: 60% (d) Load: 100%

Figure 25: Snapshots from the simulation of the woven mesh, for increasing load.
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A. Plasticity

TO DO: MAYBE REMOVE THIS SECTION. MAY BE USED IN
ANOTHER DOCUMENT MORE FOCUSED ON PLASTICITY.

In the following we expose a primer on plasticity, and we show how this
can be adapted, under some simplifying assumptions and with different levels of
approximation, to Cosserat rods. This can be used to simulate rods that, after
bending, retain their curvature.

An elasto-plastic constitutive model requires the introduction of internal
variables, whose evolution in time t requires numerical integration via a dis-
cretization of ¢ in finite intervals h. 3. In many cases, the internal variable is
just a scalar value expressing the accumulated plastic flow. Anyway, this means
that the implementation of plasticity in a FEA context requires that, at each
Gauss point required for the integration, internal variable(s) must be allocated.

Assuming that the small strain assumption holds, the classical elasto-plastic
theory leads to the following constitutive model:

o=o(e,a) (118)
that is, more in detail:
E€=€°+er (119)
oc=o(e) = ﬁgfe (120)
_0g°

A=p (121)
U =V(g,A) (122)
®=o(c,A) (123)

. ov

P =4 ==
e =4N(o,A), N = . (124)

. ov

P =4 =
a? =4H(o,A), H= A (125)
B<0, 4>0, =0 (126)

In the above model, one has:
e €° is the elastic strain,

e €? is the plastic strain,

3In case of nonlinear static analysis, ¢t can be considered as a scalar variable for the evo-
lution toward equilibrium, hence the same algorithms used for time integration can be used
interchangeably
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« is the vector of internal variables,

e o is the stress,

¢° is the Helmholz free energy,
e U(o,A) is the yeld function, usually convex,

e &O(o, A) is the flow potential function, different from ¥ in the generic case
of non-associated flow, but in case of associated flow it is & = .

e 7 is called plastic multiplier, that is positive only if ¥ = 0; viceversa ¥
can be negative only if 4 = 0 (hence the complementarity condition, which
can be written also ¥ < 0L5 > 0).

e N(o,A) is the gradient of ¥ respect to . A more general definition,
which holds even in case of non differentiable ¥, uses the subdifferential
notation: N = 0,V.

e H(o,A) is the gradient of ¥ respect to A. A more general definition,
which holds even in case of non differentiable ¥, uses the subdifferential
notation: H = 04V.

The numerical implementation of the above model requires that, at each
integration point of the finite element, a discrete integration is performed. That
is, one computes the resulting stress ¢ = o (€, ) with a function that takes
€nt1, €L, oy, as inputs, and returns o,41, €£+1,an+1 as outputs.

There are different integration methods to do this, explicit or implicit. The
most used integration scheme for the constitutive model, in FEA, is the so
called return mapping scheme, that is an implicit method. Being implicit, it
guarantees that at step n + 1 the stress is never outside the yield constraint.

The general scheme for the implicit return mapping starts with an elastic
predictor step, then if the stress is outside the yield region, it is projected back
onto the surface of the yield region by incrementing the plastic flow €, that is,
by decreasing the elastic strain €®. In pseudocode:

ecritl «€,.1 — €l > also: € + Ae
ol — a,
oirial « girial(ectriol), > elastic constitutive model
if ®(cotriq', AlT9') <0 then
Return 74!
else
Use Newton Raphson to solve for unknown A+ in the following:
(I)(o'n+17An+1) =0
€, = el — AyN, 4
. ap iy = a4+ AyH
€ny1 €L+ AYNL
Return 0,41
end if
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The algorithm requires two fundamental ingredients, i.e. the function that
computes the yield function ®(o, A), and the function that evaluates stresses
according to the purely elastic constitutive model as o = o(€°). The latter is
often a linear elastic model like o0 = De®). For the former, however, there are
different options.

In fact, there are two main approaches at defining how ®(o, A) evolves
during plasticization: isotropic hardening and kinematic hardening.

A.1. Isotropic hardening

In this case, one assumes that the yield function can be expressed as a difference
®(o, A) = fy(o,A) — oy by introducing a scalar yield value oy, and assuming
that such yield value increases as a function of the effective plastic strain €,
also known as accumulated strain:

t
e = / dt (127)
0
For example, in 1D plasticity, one has:
®(o, A) = o] = ov (") (128)
Special cases are:

e pure plastic behavior: oy = oy,, i.e. constant yeld, neither hardening nor
softening.

e linear hardening: oy = oy, + H€P, i.e. one of the most used because it
depends only on two parameters oy, and H.

¢ non-linear hardening: oy = oy (€”) with generic function oy (€?), often a
lookup table that linearly interpolates few sample points, starting from a
oy, point at €’ = 0, and growing.

Figures 26 and 27 show a test of an IGA beam in Chrono being pushed-pulled
in a periodic cycle, undergoing 1D linear isotropic hardening.
A.2. Kinematic hardening

In this case, also known as the Bauschinger effect, one assumes that the yield
function is not computed with the stress o, but rather with a translated version
of it, that is the so called back stress m that is translated by 3 as a function of
the effective plastic strain € and/or the plastic strain €”:

n=o0—0B(e,¢€") (129)
(130)

There are different methods to update 3, in most cases it is integrated from
its derivative 3. Examples in 3D plasticity:
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Figure 26: Stress-strain plastic cycling  Figure 27: Time evolution of quanti-
in linear isotropic hardening. ties in linear isotropic hardening.

e the Prager linear kinematic hardening:
.2 .
— —H €P
B=3Hk
with the kinematic hardening constant Hy;

e the Armstrong-Frederick hardening:
.2 . .
B = SHier —ibp

with the kinematic hardening constant Hy, and a b parameter that accounts
for a saturation effect;

e the non-linear Prager kinematic hardening:
2
B= ng(Ep)ep

with a given scalar function 3(€?) such that one has non-linear Hy(e?) =
dp(e”)
deP

For example, in simple 1D plasticity, one can make [ as a simple scalar
function of €, so that:

®(0,A) =|[lo = B(e")|| — oy, (131)
Special 1D cases are:

e pure plastic behavior: 8 = 0, i.e. constant yeld, neither hardening nor
softening.

e linear kinematic hardening: 8 = HeP, i.e. one of the most used because
it depends only on a single parameter B.
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e non-linear kinematic hardening: 5 = [B(eP) with generic function 5(eP),
often a lookup table that linearly interpolates few sample points, starting
from 0 at e? = 0, and growing.

Figures 28 and 29 show a test of an IGA beam in Chrono being pushed-pulled

in a periodic cycle, undergoing 1D linear kinematic hardening.
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Figure 28: Stress-strain plastic cycling  Figure 29: Time evolution of quanti-
in linear kinematic hardening. ties in linear kinematic hardening.

A.3. Mixed isotropic-kinematic hardening

In this most generalized case, one introduces both isotropic and kinematic hard-
enings as:

n=o—PB(,¢€) (132)
®(0,A) = fyr(n,A) — oy (€”) (133)
(134)

That is, one has to input two (nonlinear, or linear) scalar functions R — R
for:

oy = Jy(gp) (135)
B=p@) (136)

The meaning of the two functions, at least for simple 1D plasticity, is shown
in figures 30 and 32.

The full elasto-plastic constitutive model of the material, then, is represented
by two data sets. For the plastic data: two functions oy (€?) and B(e). For
the elastic data: all the various properties for the elastic constitutive model
o = o(e®), for instance the Young modulus E, the shear modulus G, etc. Note
that the elastic and the plastic properties are independent objects in Chrono,
so they can be mixed in different ways.
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Figure 30: The oy
defined function.
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Figure 32: The 3 = 3(e?) user-defined
function.
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Figure 31: Example: effect of the

isotropic hardening on a load/unload

cycle.
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Figure 33: Example: effect of the kine-
matic hardening on a load/unload cy-

cle.
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