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Abstract

This article is devoted to the modeling of finite deformations of hyperelastic bodies under contact/impact conditions. A total
Lagrangian formulation is adopted to describe the geometrically nonlinear behavior. A first order algorithm is applied to integrate
the equations of motion. The contact problem is solved by the bi-potential method. For the finite element implementation, an explicit
expression of the tangent operator for the 3é hyperelastic model is derived. The classical Boussinesq—Love contact problem is first
investigated numerically. A second example concerns the impact between two hyperelastic bodies in three-dimension. To cite this
article: Z.-Q. Feng, C. Vallée, C. R. Mecanique 335 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Sur le contact de Boussinesq—Love et I’impact entre corps hyperélastiques. Cet article est consacré a la modélisation de
grandes déformations hyperélastiques en présence du contact et de I'impact. Une formulation en Lagrangien total est adoptée pour
décrire le comportement avec non linéarités géométriques. Un schéma du premier ordre est appliqué pour intégrer les équations du
mouvement. Le probleme du contact est résolu a 1’aide de la méthode du bi-potentiel. Pour I'implantation par éléments finis, une
expression explicite de I’opérateur tangent est proposée dans le cas du modele hyperélastique 3€. Le probleme classique du contact
de Boussinesq—Love est traité numériquement. Un deuxieéme exemple concerne I’impact entre deux blocs hyperélastiques en trois
dimensions. Pour citer cet article : Z.-Q. Feng, C. Vallée, C. R. Mecanique 335 (2007).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Keywords: Computational solid mechanics; Isotropic elasticity; Contact—impact

Mots-clés : Mécanique des solides numérique ; Elasticité isotrope ; Contact—impact

1. Introduction

Problems involving contact and friction are among the most difficult ones to solve in mechanics and they are at the
same time of practical importance in many engineering branches, as described in the book by Johnson [1]. A large
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number of algorithms for solving contact problems by the finite element method have been presented in the literature.
See for example the monographs by Kikuchi and Oden [2], Zhong [3], Wriggers [4], Laursen [5] and the references
therein. De Saxcé and Feng [6] have proposed a bi-potential method combined with an augmented Lagrangian for-
mulation. Feng et al. [7] have successfully applied this method to the modeling of static contact problems between
Blatz—Ko hyperelastic bodies.

Regarding the time integration for implicit dynamic analysis in structural mechanics, the most commonly used
schemes are the second-order schemes such as Newmark, Wilson-6, HHT [8]. A first order time scheme has also been
proposed by Jean [9] for time stepping in granular mechanics. Recently, Feng et al. [10,11] and Magnain [12] have
applied this scheme for the modeling of impact problems between elastic and hyperelastic bodies.

Many industrial applications are concerned by foam-like or rubber-like materials. The tire technology is for exam-
ple one of the main application fields of rubber-like shells. Such materials are also used to improve the performance
of safety glass by using interlayers to join the splinters in the case of a crash [13]. In nonlinear elasticity, there ex-
ist many constitutive laws describing the hyperelastic behavior of foam-like or rubber-like materials [14-20]. These
models are available in many modern commercial finite element codes. In 1999, Lainé, Vallée and Fortuné [21] have
proposed a new third-order hyperelastic model, referred here as the 3¢ model. The aim of the present paper is to
propose a finite element implementation of this model, in view of application to contact/impact problems involving
large displacements and large strains. The classical contact problem proposed by Boussinesq [22] and Love [23,24] is
first investigated numerically in order to show the validity of the model developed. A second example consists of the
impact of two hyperelastic blocks. Both frictionless and frictional contacts are considered to highlight the physical
energy dissipation by frictional effects.

2. Hyperelastic bodies and the 3¢ model

It is well known that, in case of small linear elastic strains, the Hooke law links the Cauchy stress o to the infini-
tesimal strain & by

o =2ue+ rtr(e)l (D)

where u and A are Lamé coefficients. Nonlinear elasticity generalizes the Hooke law by adding supplementary terms
as

o =2ue + Atr(e)l 4 terms in e’ +termsine’ + - - 2)

Rubber-like materials are usually supposed to be hyperelastic and they often undergo large deformations. To de-
scribe the geometrical transformations in the 3D space, the deformation gradient tensor is introduced by
Ju
ox

where I is the identity tensor, X is the position vector and u is the displacement vector. The constraint of incompress-
ibility (isochoric deformation) corresponds to transformations satisfying to [15]

F=I1+Vu=I+ 3)

J =det(F) = 1 4)

Due to large deformations and large rotations, Green—Lagrange strain is adopted for the nonlinear relationships be-
tween strains and displacements. We denote by C the stretch tensor (or right Cauchy—Green strain tensor): C = FTF.
The Green—Lagrange strain tensor E and its distortional part E; are defined as

tr(E)

1
EZE(C_I)’ E;,=E — I (5)
For an hyperelastic law, the existence of an elastic potential function W (or strain energy density function) is assumed.
It is a scalar function of one of the strain tensors and its derivative with respect to one strain component determines
the corresponding stress component. For example

oW oW

S=""=2""
9E T aC

(6)
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where S is the second Piola—Kirchhoff stress tensor. In particular, for isotropic hyperelasticity [16], Eq. (6) can be
written as

oW ow oW
S=2|—C — — |JI-—C 7
[381 +<811+ 1812) b } ™
where I; (i =1, 2, 3) denote the three invariants of the right Cauchy—Green deformation tensor C:
I = t(C), L =1} —u(C?)]/2, I =det(C) = J? (®)

The 3é constitutive law, proposed by Lainé, Vallée and Fortuné in 1999 [21], describes isotropic compressible or
incompressible rubber-like materials. This model is based on the following main ideas:

— If the constitutive law relating E and S is isotropic, the strain tensor E has the same eigenvectors as the stress
tensor S.

— The eigenvalues of stress and strain tensors are sorted in the same order: the eigenvector associated to the highest
eigenvalue of the stress tensor is also associated to the highest eigenvalue of the strain tensor, etc.

New invariants of S: (X, Y, Z) and E: (x, y, z) are thus introduced as follows:

. tr(S)
tr(Sq)? cos ¥, Y =/tr(Sqg)?siny, = ©)
V3
. tr(E)
x =+/tr(Eg)2cos v, y =/ tr(Ey)? sin 9, = 7 (10)
The so-called Lode’s angles (ranging from 0 to 7 /3) are defined by
| det(Sy) | det(Ey)
= 3NO———=+5 |, V== 3VO—————— 11
V=30 [ VOl 17 3505 |V, (b
The choice of the invariants is such that
tr(ES) =xX +yY +zZ=E1S1+ E25, + E3S3 (12)

where E; and S; (i = 1, 2, 3) stand respectively for the eigenvalues of E and S sorted in decreasing order. The Cardan’s
formula leads to

tr(s) fmcosw

et ()

- \[ Wcos(—w) (13)
E, = tr(3E) +\/g\/mcosﬁ
E; = trgE) + \/gmcos(%” n z?) (14)

In view of Egs. (9), (10), (13), (14), we obtain a linear relationship between the eigenvalues of S (resp. E) and the
invariants of S (resp. E):

2 o L 2 o L
S1 NG NG X Eq NG V3 X

-1 1 1 —1 1 1
Si=lw v A\ Er=1% »n 5] (13)
S3 =1 =1 1 Z E3 =1 =1 1 z

Vo V2o V3 Vo V2 V3
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The fourth-order strain energy density function expressed in terms of the new invariants of the strain tensor is

a 3K a a a a
Wy, =G+ 22 ) (2 +y)+ =2+ 2 (P —30) + 22+ 2+ 2 (2 42’ (16)
4 2 3 3 4 4
where G is the shear modulus, K the bulk modulus and a; (i =1, ..., 5) are parameters of the model. The potential

is convex and differentiable if the parameters are such that

a3 >0, a1 >0, a5>0, +/2Gas>a; > —/2Gas, 3v/Kas>ar> -3/ Kay (17

In this work, we suppose an uncoupling between spherical and distortional parts of E, i.e., a3 = 0.
From Eq. (6), a simple relationship arises between the chosen invariants of E and S:

ow ow ow
X =—, Y=—), 7 =" (18)
ax ay 0z
It is pointed out by Criscione [25] that this approach is experimentally tractable since the response terms are mutually
orthogonal.
It is noted that for a; = 0, we recover the well-known Saint Venant—Kirchhoff strain-energy density
3K K
Wy, ===+ G(x* +)%) = S (0B’ + Gu(Ey)’? (19)
By deriving the energy density (16) with respect to the strain tensor, it yields
I a x2+y?
S=2(3K + axz + asz’) Nl [ZG + 75 (x> + yz)]Ed +6a [(Ed)2 — Tyl} (20)

The Cauchy stress (or true stress) tensor o is calculated from the second Piola—Kirchhoff stress tensor S by the
formula:

1 T
o =~ FSF Q1)

To construct the tangent stiffness matrix for the analysis of nonlinear structures by the finite element method, one has
to determine the stress—strain tangent operator ID, which is a fourth-order tensor resulting from the derivation of S
with respect to E in Eq. (20):

as

D=-—=|K
IE [ +

2as

3V3
1
+ [ZG + %5 tr(Ed)z] (1@1 -31® I> +asEq ® By

tr(E) + % tr(E)2:|I ®1

2 2
+\/6a]<I@Ed+Ed@I_gEd®I—§I®Ed> (22)

The coordinate-free symbols ®, ® and ® used above are related to the corresponding index symbols in the following
way:

_ 1
(A®B);ji = AijBu, (A®B)ijr = Aix Bj1, AQB)iju= E(Aikle + Ay Bji) (23)
3. Finite element formulation of nonlinear structures
3.1. Total Lagrangian formulation

In the case of dynamic multibody contact problems with large deformations of hyperelastic solids, the nonlinear
relationship between strains and displacements cannot be ignored. The total Lagrangian formulation is adopted in
this work to describe nonlinear behavior. It is well known that the strain tensor E and the stress tensor S are both
symmetric. Thus, we note hereafter E and S in vector form as

E=(E\1 Exn Es 2En 2E;3 2Exn), S=(S11 S S S Sz ST (24)
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In the context of the finite element method and with Eq. (3) and Eq. (5), the Green—Lagrange strain can be formally
written with linear and nonlinear contributions in terms of nodal displacements [19]:

1
E— <BL n EBNL(u)>u (25)

where By, is the matrix which relates the linear part of the strain term to the nodal displacements, and By (u), the
matrix which relates the nonlinear strain term to the nodal displacements. From Eq. (25), the incremental form of the
strain-displacement relationship is

SE = (BL + By (u))du (26)

According to the principle of virtual displacement, the virtual work

8U = Su'Mii + Su’ Au + / SETSAV — §u"Fey — su'R 27)
Vo
has to vanish for every virtual displacement du. In Eq. (27), Vp is the domain of the initial configuration, Fey; the

vector of external loads, R the contact reaction vector, M the mass matrix, A the damping matrix, u the velocity
vector and ii the acceleration vector. In view of Egs. (22) and (26), it comes

8S=D8E=D(BL + By (w))du (28)
where D denotes the usual material secant tangent matrix, deduced from the stress—strain tangent operator D (Eq. (22))

due to its major and minor symmetry.
Substituting SE from Eq. (26), Eq. (27) results in

SU = Su'Mii + Su'Au + su’ / (BL+ By (u))TS dV — Su'Fey — Su'R (29)
Vo
The vector of internal forces is defined by
T
P = [ (B + By w)'Sav (30)
Vo

Since du is arbitrary, the following set of nonlinear equations is obtained:

Mii + Ad + Fipg — Fexe —R=0 (€29)
It is remarked that the stiffness effect is taken into account through the internal forces vector Fiy. Eq. (31) can be
transformed to

Mii=F + R, F =Fexi — Fint — AUl (32)
to be solved with the initial conditions at t =0,

u=1uy and u=u (33)
Taking the derivative of Fjy, with respect to the nodal displacements u yields the tangent stiffness matrix:

9Fint
ou

where K., K, and K, stand respectively for the elastic stiffness matrix, the geometric stiffness (or initial stress
stiffness) matrix and the initial displacement stiffness matrix:

K= =K. +K; +K, (34)

K.= | BIDB,dV (35)
Vo
OBt
KU=/ NLSdv (36)
Ju
Vo
K, = /(B{DBNL +B}, DB, +B},; DBy, )dV (37)

Vo



Z.-Q. Feng, C. Vallée / C. R. Mecanique 335 (2007) 536-547 541

3.2. First-order time integration

Eq. (32) has to be integrated between consecutive time configurations at time ¢ and r + Az. Usually a Newmark
scheme based on a second-order approximation is used. However, in impact problems, this scheme may lead to no
physical energy blow-up as shown in [5]. At the moment of a sudden change of contact conditions (impact, release of
contact), the velocity and acceleration are not continuous in time, and excessive regularity of constraints may lead to
errors. For this reason, Jean [9] proposed a first-order time scheme which is used in this work. This scheme is based
on the following approximations:

t+At

Mdi = M(u' 4 — ') (38)
t
t+At
/ Fdt = At((1 — &)F +EF' A1) (39)
t
t+At

Rdr = AR/ T2 (40)
t
u' A —ul = Ar((1— )i’ + 0w T (41)

with the parameters 0 < &€, 6 < 1. In the iterative solution procedure, all the values at time ¢ 4+ At are replaced by the
values of the current iteration i + 1; for example, F'+4/ = Fi+! A standard approximation of Fi*! is

; ; oF , : oF .. . . . .
Ftl=F + %(uH‘l —u') + ﬁ(fﬂ“ —i')=F,, —K'Au—A’Au 42)
Finally, we obtain the recursive form of Eq. (32) in terms of displacements:
KiAu=F 4B 4+ R
vt =u + Au (43)
where the so-called effective terms are given by
KizéKi+iAi+ 1 M (44)
O At O At?
P L M —u — Ani) (45)
acc 9At2
Fr= (1= &) (Fjy + Foy) + & (Fiy + Fi™) (46)
To complete the time step, the velocity is updated according to
1 1
't+Al‘= 1__ .t - I+A1_ t 47
i ( 7 )u + o (u u') 47)

Eq. (43) is strongly nonlinear, because of large rotations and large deformations involved. Besides, in multibody
contact/impact problems, unilateral contact and friction, characterized by inequalities, are non-smooth phenomena.
To solve this equation instead of considering all nonlinearities at the same time, a strategy was proposed in [26] which
consists in separating the nonlinearities so as to overcome the complexity of calculation and to improve the numerical
stability. As Au and R are both unknown, Eq. (43) cannot be directly solved. First, the vector R is determined using
the bi-potential method in a reduced system, involving only contact nodes. The reader can refer to [6,7,26,27] for
more details on the bi-potential method. Then, the vector Au is computed over the whole structure, using contact
reactions as external loadings. It is important to note that, as opposed to the penalty method or Lagrange multiplier
method, the bi-potential method neither changes the global stiffness matrix nor increases the number of degrees of
freedom. This interesting feature makes it easy to implement contact and friction problems in existing general-purpose
finite element codes. In addition, the solution procedure is more stable because of the separation of nonlinearities and
improved numerical algorithms for calculation of contact reactions.
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4. Numerical results

The algorithms presented above have been implemented in the finite element code FER/Impact [28,29]. Many
application examples, in static or quasi-static cases, have been carried out using the present method [7,26]. To illustrate
the results of the contact/impact simulation using the algorithm described above, we consider here two examples.

4.1. Boussinesq—Love contact problem

We outline the classical approach to finding the stresses and displacements produced in an elastic half-space,
bounded by the plane surface z = 0, under the action of normal and tangential tractions applied to a closed area S
of the surface (Fig. 1). We take C (&, n) to be a surface point within the loaded area S, whilst A(x, y, z) is a general
point within the body of the solid. The distance between C and A is denoted by p. Distributions of tractions gy (€, 1),
qy(§,n) and p(&, n) act on the area S.

Boussinesq [22] proposed the following potential functions:

Fy zqu(s,n)[zln(erZ)—p] dé dn (48)
S
Gi =/qy($, m[zIn(p +z) — p]dé dn (49)
S
H = / P& m[eIn(p +2) — p]de dn (50)
N
oF
F= a—; =qu<s,n>1n<p+z>dsdn (51)
S
0G
G = 8—; =fqy(s, mn(p + 2) dé dy (52)
S
0H,
H="0 =/p($,n)ln(p+z)d$dn (53)
S

2

Fig. 1. Loading of an elastic half-space.

Fig. 1. Chargement sur un domaine semi-infini élastique.
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_ oFT 0Gy 0H;

= 54
v ax ay 0z (54)
1p_aF_'_aG+8H (55)
T dx ay az
It is noted that ¥r; and 1 are harmonic functions of x, y and z, i.e. they both satisfy Laplace’s equation,
V24 =0, V2 =0 (56)

Love [24] showed that the components of elastic displacement u,, u, and u, at any point A in the solid can be
expressed in terms of the above functions as follows:

L4+v /. 9F 8H _ oY1 oy
_ LT Wik d . 57
= ZnE( 5z ox 7 ox Z8x> (57)
1 9G 9H _ 9
uy= 10209 o8 WY (58)
2nE 0z ay ay ay
1+v/0H Iy
— -y - 59
#z 2nE<8z o a4 ZBZ) &)

where E and v are respectively the Young’s modulus and Poisson’s ratio of the elastic half-space. The displacements
having been found, the stresses can be calculated from the corresponding strains by Hooke’s law.

Under the action of a purely normal pressure p(&,7n), which would occur in a frictionless contact, the above
equations may be simplified (F1 = F =G =G =0).

We consider now the Boussinesq—Love punching problem which concerns the frictionless contact between a rigid
cone and an elastic half-space as shown in Fig. 2.

Based on the Boussinesq’s theory of potential, Love [23] evaluated the contact pressure p(s) on the face of the
cone and the total contact force P in function of the displacement é of the cone:

(5) = —Lcot h‘1<f) 60)
p(s —2(1_v2)co o cos -

P= TR tan(a)s> (61)
In order to validate the numerical approach we have developed, a finite element model of the Boussinesq—Love contact
problem is created by using axisymmetric isoparametric elements. The characteristics of the problem are: E = 10
MPa, v =0.495, a; =0 and « = 60°. Fig. 3 shows the initial mesh and the deformed shape of the half-space together
with the distribution of the von Mises stress. We observe a stress concentration at the tip zone of the cone as predicted
by Eq. (60). The maximum value of the von Mises stress is 13.868 MPa. Fig. 4 plots the evolution of the total contact
force versus the displacement of the cone. Numerical solution is compared with the analytical one given by Eq. (61).

P

(s)

Fig. 2. Boussinesq—Love contact between a rigid cone and an elastic half-space.

Fig. 2. Contact de Boussinesq—Love entre un cone rigide et un domaine semi-infini élastique.
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Fig. 3. Deformed mesh with von Mises stress. Fig. 4. Load—displacement curve.
Fig. 3. Maillage déformé avec contrainte de von Mises. Fig. 4. Courbe force—déplacement.

Fig. 5. Initial configuration and mesh.

Fig. 5. Configuration initiale et maillage.

As we can see, when the displacement is relatively small, good concordance is observed between numerical and
analytical solutions. However, the difference increases with respect to the displacement. This can be explained by the
fact that the analytical solution is determined under the assumption of small deformations. In the numerical algorithm
developed above, large deformations are taken into account by means of the calculation of the internal force vector
and the tangent stiffness matrix as in Egs. (30), (34).

4.2. 3D impact problem

This example was initially proposed by Love and Laursen [30] on considering a linear elastic material model. We
assume that no damping exists except for Coulomb friction between contact surfaces, i.e. A’ = 0 in Eq. (44). The
problem consists in two three-dimensional hyperelastic blocks (Fig. 5) that impact with relative tangential motion.
Normalized units are used in this example. The base of the larger block is fixed, and the smaller block has an initial
rigid-body velocity of {0.0, 1.5, —1.0} that initiates a glancing impact. The larger block initially occupies the cubic
space defined by diagonal corner points {0, 0, 0} and {2.0, 2.0, 1.0} and the smaller block is similarly defined by points
{0.5,0.0, 1.25} and {1.5, 1.0, 2.25}. The density is 100. The initial shear modulus G and bulk modulus K are chosen
as in [30]: G = 5000, K = 3333. Other parameters of the 3¢ model are: a; = 50, a; = 50, a3 = 0, ag = 2000 and
as = 100. The total simulation time is 1 scaled time unit and the numerical parameters are: At = 1072, E=6=0.5.
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Fig. 6. Deformed shape (1 = 0.2, t = 0.4). Fig. 7. Deformed shape (u =0.2, t = 0.6).
Fig. 6. Configuration déformée (1 = 0,2, t =0,4). Fig. 7. Configuration déformée (1 = 0,2, t = 0,6).

Fig. 8. Deformed shape (u = 0.8, t =0.4). Fig. 9. Deformed shape (u = 0.8, t = 0.6).
Fig. 8. Configuration déformée (n = 0,8, t =0,4). Fig. 9. Configuration déformée (1 = 0,8, t =0,6).

To investigate the frictional effects on the energy dissipation, different coefficients of Coulomb friction are used:
= 0.0 (frictionless), 0.2, 0.5, 0.8.

Figs. 6 and 7 show the deformed shapes at time + = 0.4 and # = 0.6 with the friction coefficient & = 0.2. The
isocontours represent the distribution of the von Mises stress inside the blocks (the maximum value is 1330 unit of
stress). Similarly, Figs. 8 and 9 show the case with i = 0.8. The maximum value of the von Mises stress is 3330 unit
of stress. These plots highlight the impact of the friction coefficient on the stress level and relative slips. The case with
= 0.2 corresponds to a sliding contact status while the case with = 0.8 corresponds to almost a sticking contact
status. This result is in good agreement with the observation reported by Love and Laursen [30].

Figs. 10-12 show the plots of the kinetic energy Ej, the elastic strain energy E, and the total energy E; as a
function of time. We observe that the total energy is quite well conserved in the case of frictionless contact (Fig. 12).
However, in the case of frictional contact, the total energy decreases. So the total energy is dissipated by frictional
effects as expected. It is worth mentioning that the dissipated energy is quantitatively determined.

It is also interesting to examine another question: is the dissipated energy proportional to the friction coefficient?
The answer is negative according to numerical results. The proof is illustrated in Fig. 12 where we observe almost the
same dissipated energy even for two different friction coefficients (1 = 0.2, 0.5). In addition, the dissipated energy
is less for . = 0.8 than for u© = 0.2 or u = 0.5. In fact, when the friction coefficient increases, the friction forces
increase too. However, the tangential slips decreases. We know that the dissipated energy depends not only on the
friction forces but also on the tangential slips on the contact surface.

Figs. 13 and 14 show respectively the evolution of the von Mises stress at point A and o, at point C (see Fig. 5).
It can be seen that when the friction coefficient increases, the stress level is bigger. The trajectory of point B in the
plane BCD (see Fig. 5) is depicted in Fig. 15. We observe that the amplitude of the displacements increases with the
friction coefficient as expected.
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Fig. 14. o;; au point C. Fig. 15. Trajectoire du point B dans le plan BCD.

5. Conclusion

In this article, we have proposed a finite element implementation of the 3é hyperelastic model. The classical
Boussinesq—Love contact problem has been treated and numerical solutions are in good concordance with analytical
prediction. The classical Boussinesq—Love theory is restricted to frictionless contact and perfectly elastic solids with
small deformations. These restrictions are removed in the developed numerical approach. The case of dynamic contact
with Coulomb friction between two hyperelastic blocks has also been studied. From numerical experiments on this
problem, we have observed that:

— the total energy is well conserved for frictionless contact,
— the algorithm allows to determine quantitatively the physical energy dissipation by friction,
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— the dissipated energy is not a monotonic function of the friction coefficient,
— the tumbling behavior is numerically recovered.
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