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Abstract

In this paper we reformulate the frictional contact problem for elasto-plastic bodies as a set of unconstrained, non-
smooth equations. The equations are semi-smooth so that Pang’s Newton method for B-differentiable equations can be
applied. An algorithm based on this method is described in detail. An example demonstrating the efficiency of the
algorithm is presented. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The design of efficient and robust algorithms for frictional contact problems is an important task in
computational solid mechanics. In Klarbring (1992, 1993) the discrete, time-incremental, linear elastic,
frictional contact problem was reformulated as a set of unconstrained equations. The reason for using an
unconstrained reformulation is to enable Newton methods to be used for solving the equations. Since the
equations obtained are non-smooth, a standard Newton method is not applicable. However, it was ob-
served that the equations are at least B-differentiable, so that Pang’s Newton method for B-differentiable
equations (Pang, 1990) may be used to solve the frictional contact problem. This method was implemented
in Stromberg (1997) (including wear), and subsequently in Christensen et al. (1998), and showed excellent
performance and robustness. Later, in Christensen and Pang (1998), it was shown that the non-smooth
reformulation of the constitutive laws of frictional contact is even semi-smooth, a stronger property than
B-differentiability. A general Newton algorithm for constrained semi-smooth equations was developed,
which, for unconstrained equations has Pang’s Newton method as a special case. Using the semi-
smoothness, the convergence results for Pang’s Newton method could be strengthened.

In this work we will extend the method in Christensen et al. (1998) and Christensen and Pang (1998) to
elasto-plastic frictional contact problems. Only J,-plasticity will be considered, i.e. the von Mises yield
function together with an associated flow rule is assumed. We will use the radial return method to obtain
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the Gauss point stresses as functions of the displacements. The standard way this method is employed for
plasticity problems, is to insert the stresses into the equilibrium equations and solve these using a standard
Newton method, possibly using a heuristic line search in order to improve the robustness, see e.g. Simo and
Hughes (1998). However, the stresses are not smooth functions of the displacements, so strictly speaking a
standard Newton method cannot be applied. We will, however, pay attention to the non-smooth character
of the plasticity equations and use a non-smooth Newton method to solve the governing equations. In
Christensen (2002) it was recognized, for the case of linear hardening, that the radial return method yields
the stresses as piecewise smooth functions of the displacements. Since piecewise smooth functions are semi-
smooth, the plasticity problem may be solved using a semi-smooth Newton method. Since also the contact
equations are semi-smooth, it follows that the frictional contact problem for elasto-plastic bodies may be
described by semi-smooth equations. Thus, Pang’s Newton method is applicable for this problem as well.
The paper is organized as follows: In the next section we present the governing equations for quasi-static,
small-strain, rate-independent J,-plasticity, and the small-displacement frictional contact problem. Time
and space discretizations are performed in order to formulate the discrete, time-incremental, elasto-plastic
frictional contact problem. In Section 3 the laws of contact are rewritten as a set of unconstrained semi-
smooth equations. Section 4 presents a modified semi-smooth Newton method to solve the problem. A
numerical example is presented in Section 5, which demonstrates the efficiency of our algorithm.

2. Problem formulation

Consider two two-dimensional bodies loaded in plane strain, .7 and 4, see Fig. 1. Body ./ is a fixed
rigid foundation, whereas body 4 is elasto-plastic. We assume that all strains and displacements are small.
Our aim is to determine stresses, displacements, strains and contact tractions as functions of time for a
prescribed loading history when inertia effects may be neglected. The fact that body .« is considered rigid is
for notational simplicity only; under the assumption of small displacements there is no significant math-
ematical difference between problems where both bodies are flexible and those where one of the bodies is
rigid. Although we will present the theory for the case of plane strain, generalization to three-dimensional
problems is straightforward.

Let body % occupy the region Q C R* and divide the boundary 0Q in three disjoint parts S, S, and S..
The body is subjected to prescribed tractions 7 on S;, on S, the displacements are fixed, and S, represents the

n A

Fig. 1. The two bodies considered.
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potential contact surface. To simplify notation, we assume that there are no non-zero prescribed dis-
placements (however, in the numerical example in Section 5, some displacements are in fact prescribed).
For each point on the boundary of the foundation .o/, we define an inward normal direction » and a
tangential direction ¢. The location of a point x is represented in a fixed Cartesian frame, and the com-
ponents of x are denoted x;, i = 1, 2. For all tensor expressions in component form, the summation con-
vention will be adopted for repeated indices.

2.1. Equilibrium equations

Under the assumption of no body forces, the equilibrium equations for body 4 are written as

aU[j .

—2=0 Q 1
=0 o m
u, = 0 on Su, g;jV; = Zl on St7 0;;V; = —p;i On SC, (2)

where i, j = 1, 2, ¢ is the Cauchy stress, u is the displacement field, v is the outward unit normal of body
2 and p is the contact traction. As a consequence of the small-displacement assumption, the surface
of the foundation and the contact surface may be regarded as parallel, i.e. v ~ n (Kikuchi and Oden,
1988).

2.2. Constitutive laws of plasticity

Body 4 is assumed to be made of an elasto-plastic material with rate-independent behavior, obeying the
von Mises yield criterion with an associate flow rule. For simplicity, we assume only linear isotropic
hardening. In the elastic domain, linear isotropic behavior is assumed. Thus, the stress ¢ is related to the
elastic strain €® through Hooke’s law

i = Ci€urs 3)
where the elasticity tensor C¢ is given by
Cia = 4030k + (St + Sud), (4)

where 6;; denotes Kronecker’s delta, and 1 and /i are the two Lamé constants. The stress tensor may be
decomposed into a deviatoric part, s; = (devo),, = 0;; — (1/3)040;;, and a dilatational part d; = (dilo),; =
(1/3)6146,;. From (3) and (4) we obtain ‘

dij = Key 0y, (5)

Sij = 2/18? (6)

i
where e° is the deviatoric elastic strain, and & = § + (2/3) is the bulk modulus. The total strain € is written
as the sum of the elastic strain € and the plastic strain €P:
€ = €+ e, (7)

where e is related to u according to

elj_z(axj+ax,> (8)
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The plastic strain rate is determined from the flow rule

. . Sij
6523’7] 9)

lIsll”

where the dot denotes differentiation with respect to time, and ||s|| = ,/s;;5;;. Plastic flow cannot occur in the
elastic domain & = {(g,a) : f(o,a) < 0)}, where o is a hardening variable and f is the yield function

flo,0) = |Isl[ - \/%K(a)-

For linear isotropic hardening, K is written
K(o) =0, + ka, (10)

where g, is the yield stress and k& > 0. The yield function and the flow parameter y satisfy a set of com-
plementarity conditions

f(o-va)<07 V>0, f(G,OC)’).):O. (11)

The hardening parameter « is chosen to be the equivalent plastic strain, so that its evolution is governed by
2
N 12
& V\/; (12)

2.3. Constitutive laws of contact
The laws of contact are of two types; normal contact laws and friction laws. The normal contact law
used here is that of Signorini:
=0, w<g  pu(un—g)=0 ons&, (13)

where the normal contact pressure p, = pin;, the normal displacement u, = u;n; on S,, and g is the initial gap
between bodies .7 and %4. We may rewrite (13) as

pnejn:(un_g)(qn_pn)go VQHexnv (14)
where
Hw = {pn: pn = 0}

As the friction law we choose Coulomb’s law which can be stated using the principle of maximum dissi-
pation:

p€F(upn),) (g —p) <0 Vg € F(upn),), (15)

where the tangential contact traction p, = p;t;, the tangential displacement u, = u;t; on S, p is the friction
coefficient,

F(z)={p : |p| <z}, forz =0,

and z, = max(0,z).
2.4. Time discretization

The strong form of the quasi-static frictional contact problem for elasto-plastic bodies may now be
written in the following way. For a given loading history 7+ () on a time interval t € [0,.7], find the
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functions t—u(x, 1), 1—€(x, 1), T 0(x, 7), T— € (x, T), T— € (x, 1), T— (X, T), T— Py(xe, ) and T— py(xc, 7)
for all x € % and x, € S, such that (1)-(3), (7)-(9), (11), (12), (14) and (15) are satisfied for all = € [0, 7].

In order to solve this problem numerically, we have to perform discretizations in space and time. The
space discretization will be discussed in Section 2.5, whereas the time discretizations of the constitutive laws
of plasticity and frictional contact are discussed next.

2.4.1. Time discretization of the plasticity equations, radial return

Let the time interval [0,.7] be divided into sub-intervals. For each sub-interval, [t;, 7411], say, the
variables u, g, €, «, p, and p, are assumed to be known at time 7. The plastic strain rate is approximated by
a backward Euler time discretization according to

p_ 2
€p (T ) eU EU
ij k+1 AT )
where AT = 1441 — T, € = €(711) and €; = € (7). Similarly, we obtain for & and 7
. o—a . Ay
U\ Tht1) = —— P (Th+1) = —
)~ ) R 5L

where Ay = y(ti1) — p().

Insertion of these time discretized expressions into the flow rule (9) and (12) makes it possible to obtain
the stress as a function of the displacement using the so-called radial return method (Simo and Hughes,
1998). Egs. (9) and (12) in time-discretized form become

+A/ (16)

0=a+ \@Ay. (17)

An elastic trial deviatoric stress is obtained from (6) and (7) by assuming that no plastic flow occurs during
the increment under investigation, i.e. e? = €’:

lr —2/1,(611 5) (18)

where e;; is the deviatoric total strain, and we have also used the fact that the plastic strain is deviatoric, cf.
(9). The real deviatoric stress may then be obtained from (18) and (16) as

Sij = 2ﬁ(eij i]) - 2/1(@1] 1/) 2”’(6 - ep) Szt/r - 2ﬁAVﬁija (19)
where 7;; = s;;/|/s||. It remains to determine the flow parameter Ay. If ||s"|| < \/ (&), then Ay = 0, as the
assumption of elastic response is correct in this case. Otherwise, Ay can be obtained by using the condition
IIs|| — \/gK (& + \/%Ay> = 0. It follows from (19) that s and s" are colinear, i.e. 7; = s;;/|s"[|, which in-
serted into (19) gives

= ([ls"]| = 22 49)a;;.
If this equation is (scalar) multiplied with 7;;, we obtain

[Isll = [ls"]| — 224y,
where ||s|| = \/§K (& + \/%Ay). Solving for Ay, we obtain

[V

Ay =
T i+ tk
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The total stress may now be obtained as o;; = dj; + s;;, where the dilatational stress, dj;, is given in (5):

Rewdy + st i [ls" < 3K (),
Ylf
ij

Kewdi + 2ulT§k (%ksfj + Zﬂ\gK(&) “;;;“) otherwise.

O'[j:

(20)

It is noted that ¢ is a function of the displacements since s* depends only on the total deviatoric strain, and
the strain in turn is obtained from the displacement from (8).

2.4.2. Time discretization of Coulomb’s law
The tangential velocity, #, is also approximated by a backward Euler time discretization:

Uy — Uy
At
where u; = u(t41) and #, = u(1;). Coulomb’s law (15) may then be written in time discretized form as

P € F(upn),) : (u—u)(q —p) <O Vg€ F(u(pn),)

i (Tpi1) =

2.5. Finite element approximation

A variational formulation of the incremental elasto-plastic frictional contact problem with the dis-
placements and contact tractions as variables reads as follows: Given €, &, #, and #(t;,;), find u, p, and p
that satisfy

ov; -

iO'ijdV‘f'/ UipidS—/UitidS:O Yv e "/, (21)
Q axj Se St
/ (tn — 8)(qn — a)dS <O Vo € A, (22)
Se
/ (e — )(g — p)AS <O Var € F(u(py),), (23)
Se

where
v ={v:v=0 onS,},

and o = g(u) satisfies (20).
The finite element discretization of the first and last terms in (21) is standard and will not be discussed
here, see (1987) for a detailed account. The integrals over the potential contact surface are approximated as

/ hdS =Y " I"h(x"), (24)
Sc m=1

where I are weighting factors and n. is the number of integration points x”. We choose x” to coincide with
the finite element nodes of body % on S, i.e. n. is the number of nodes on S;, and let the weights /™ be
determined by the trapezoidal rule for linear elements and Simpson’s rule for quadratic elements. Appli-
cation of the space discretization results in the following discretized version of the equilibrium equations
(21):

H(U,P,,P)=F™ + CI'P, + CTP, — F™ =0, (25)
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where the vector of nodal displacements is denoted U € R™, and nq is the total number of degrees of
freedom in the finite element mesh. The matrices C, € R™*" and C, € R™*™ are transformation matrices
relating the normal, U,, and tangential displacements, U, for the contact nodes, respectively:

U, =CU, U=CU.
The normal and tangential contact forces are denoted P, and P, respectively:

Bo=[P,... P, P =1"p,(x™), m=1,...,n,

RE[Ptl""7PtnC]T’ PtmEImpt(xm)ﬂ mzla"'vncv

where T denotes the transpose of a matrix. The forces F'™ and F®' are obtained from

Fint = K int Fext = Xfext

e=1"¢ ’ e=1"¢ ’
where A denotes the finite element assembly operator. The element external load f* is obtained from the
traction 7 in a standard manner, see Hughes (1987), and the element internal load is written

feint = Z(E“’)Tai‘ewﬁel}i,e,
[

where n; . is the number of Gauss points in element e, and B is the B-bar matrix evaluated at Gauss point i
(in natural coordinates) of element e. The B-bar matrix replaces the standard strain displacement matrix in
order to prevent locking due to the incompressibility induced by plastic deformation. In our implemen-
tation we have used the mean dilatation formulation; see Hughes (1987) for an explicit expression of the
B-bar matrix. The approximated stress obtained from (20) at Gauss point i of element e is denoted
o' = [0%¢, 65%, 6%, 6", wi¢ is the integration point weight at Gauss point i of element e, and J* is the
determinant of the Jacobian for the transformation from the global system to the local system of element e
evaluated at Gauss point i. For each Gauss point i of element e, the strain is determined from the element
displacement vector U® € R™¢, where ng, is the number of degrees of freedom for element e, as

e — F\E Ue,
where € = [ellf, 6;‘;, e;‘; ei‘S]T
The approximation of Signorini’s law (22) takes the form
(Un—G)'(Qn —P) <0 VO, €A™ (26)
where G = [¢', ... ,g”C]T, with g” = g(x"), and 4" ={P,: P" >0,m = 1,...,n.}. Coulomb’s law (23) is
approximated as
(U =T (Q ~R)<O VO € F'(u(R),), (27)

where Z"(u(By),) = {0 : |Q"| < u(P"),,m =1,...,n}. The discrete, time-discretized, elasto-plastic fric-
tional contact problem is now governed by (25)—(27). Our next aim is to rewrite (26) and (27) as equalities
so that a Newton method can be applied to solve the problem.

3. Formulation as a system of semi-smooth equations
The reformulation of the constitutive laws of frictional contact as a set of unconstrained equations has

been thoroughly described in Christensen et al. (1998) and Christensen and Pang (1998) for the three-
dimensional case. First, we note that Signorini’s law (26) is equivalent to
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H,(U,P,) = min(P,, p, o (G—U,)) =0, (28)

1 P . .. .

where p, = [p,,...,pi] is a vector of given positive scalars, a o b is the vector whose components are a;b;
(no summation), and the minimum operator is applied componentwise. Coulomb’s law (27) is easily re-
written as

(P+ro(U~T)=P)(Q~P)<O VO € T (u(P),),

where » = [',...,”]" is a vector of given positive scalars. This variational inequality may be written in
terms of a projection as, see Hiriart-Urruty and Lemaréchal (1993)
[‘It(U,Pn,Pt) EPl_H(Pl(r)) =0, (29)

where P,(r) = P, +ro (U, — U,), and II(y) denotes the Euclidian projection of y onto F"(u(P,),). The
projection I1(P,(r)) = {II"(P"(¥")),m = 1,...,n.}, and for each m € {1,...,n.}

() if [P ()| < u(By).
TEe) = {H(P,'l”) B otherwise,

+ TP

which in turn can be written more compactly as

()
" (P"(r™)) = min ( L) P (e,
t \Pe(rm)|” )
where 0/0 is defined to be 1. Our discrete, time-incremental, elasto-plastic frictional contact problem is thus
equivalent to the following unconstrained system of non-smooth equations:

Fint + C;{Pn + C;FPl _ Fext
0=H(U,P,,P) = min(P,, p, 0 (G—Uy,)) |- (30)
P —I(A(r))

In Christensen and Pang (1998) it was proven that A, and H, are semi-smooth mappings. A function
H:R"— R" is semi-smooth at z € R" if it is Lipschitz continuous in a neighborhood of z, directionally
differentiable at z, and the directional derivative is sufficiently well behaved in that it satisfies the following
condition (Qi, 1993):

lirnH (z+hyh) —H'(z; h)
h=0 |11l

:O’

where H'(z; h) is the directional derivative at z in the direction A.

In Christensen (2002), it was recognized that the radial return mapping in (20) is piecewise smooth (Pang
and Qi, 1995) which implies that it is also semi-smooth (Chaney, 1990). Consequently, H¢? is semi-smooth,
and, thus, H is semi-smooth. We remark that for linear elastic contact problems, A is an affine function,
so that the non-smoothness of H then only stems from the contact equations. In contrast, for the elasto-
plastic contact problem studied here, the equilibrium equations are non-smooth as well, since A is a non-
smooth function of the displacements.

4. A semi-smooth Newton method

During the last 10-15 years, a large number of Newton methods for non-smooth equations have evolved.
Naturally, one tries to establish strong convergence results under assumptions which are as weak as pos-
sible. For a non-smooth function F : R" — R" which is only locally Lipschitz continuous, one cannot es-
tablish any convergence results for a Newton method. If F is assumed to be B-differentiable, i.e. locally
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Lipschitz continuous and directionally differentiable, then it is possible to design a Newton method with
proven convergence properties. In Pang (1990), a damped Newton method for B-differentiable equations
was proposed, algorithm BN. Global convergence and local quadratic convergence to strongly F-differ-
entiable (Ortega and Rheinboldt, 1970) solution points was established. In order to be able to prove
convergence even to non-smooth solution points, however, F needs to be semi-smooth. We will use Pang’s
algorithm BN with improved convergence results for semi-smooth equations to solve the semi-smooth
system in (30) for a specific time increment. We refer to Christensen and Pang (1998) for a discussion of
the convergence results of this algorithm. In short, quadratic convergence to solution points which are
strongly F-differentiable with a non-singular Jacobian and a Lipschitz continuous directional derivative,
and linear convergence to so-called BD-regular solution points (Qi, 1993) is established. A step-by-step
description of algorithm BN is given below. We let z denote the tuple (U, R, P;), and dz the direction
(dU,dP,,dR,).

4.1. Description of algorithm BN

Step 1 (Initialization): Let f, 6 and & be given scalars with § € (0,1), ¢ € (0,1) and & > 0 small. Set
k= 0. Let z* be given.
Step 2 (Direction generation): Solve the directional Newton equation to obtain the direction dz*:

H'(Z;d2) = —H(Z). (31)

Step 3 (Step size determination): Let 1, = [}"”f, where m; is the smallest non-negative integer m for which
the following decrease criterion holds:

O + p"d) < (1 — 268" 0(2), (32)

where the merit function @ is obtained as

Set /! = ZF 4 1, dZF.

Step 4 ( Termination check): If @(zF!) <&, terminate with z¢*! as an approximate zero of H. Otherwise,
return to Step 2 with k — k + 1.

Evidently, the only difference between algorithm BN and a standard damped Newton method for
smooth equations lies in the generation of a search direction. At differentiable points z, the directional
derivative satisfies H'(z*;dz") = VH (z")dzF where VH(z*) denotes the Jacobian of H at z*. Thus, at dif-
ferentiable points, the directional Newton equation (31) is linear in the search direction dz*. However, at
non-differentiable points, where the Jacobian does not exist, the directional derivative is non-linear in the
search direction; see Christensen et al. (1998) for the rather complex expression of the directional derivative
for the elastic contact problem. Thus, a drawback with algorithm BN is that, for non-differentiable points, a
system of non-linear equations has to be solved. For our application, the non-differentiable points are
points with P' =0, P + p'(Ci'U — g") =0, |[P"(r")| = pPy >0, and ||s"|| = \/%K(&). Hence, the non-
differentiable states are all described by equalities. Consequently, the chance that an iterate ends up at a
non-differentiable point is very small. This motivates us to use a simplified version of algorithm BN, where
the directional derivative H'(z"; dz*) is replaced with H'(z¢;dzt) = E(z")dZ, so that H'(Z*;dZ") is linear in
dz*, and thus only a system of linear equations has to be solved in order to obtain the search direction dz.
This modification has previously been used to a very good effect for elastic contact problems in Stromberg
(1997), Christensen et al. (1998) and Christensen and Pang (1998), and it is our experience that it works
equally well for the elasto-plastic contact problems studied here, see Section 5. If (31) is solved exactly, the
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search direction obtained is guaranteed to be a descent direction for the merit function. However, with our
simplified directional Newton equation, the search direction may not be a descent direction for the merit
function in the event that an iterate does end up at a non-differentiable point. Hence, the line search in (32)
might jam. In our implementation of the line search, see the pseudo-code below, we use a lower bound on
the step size which prevents the line search from jamming. This implementation has proven to work well in
our extensive testing for elastic contact problems and also for the elasto-plastic contact problems in this
work. We would like to point out that even if non-differentiable points are hit, e.g. at the first iteration of an
increment if the starting point satisfies P' = 0 for some contact node m, the performance of the algorithm
does not deteriorate. The main practical reason for adopting this lower bound on the step size is that even
for differentiable points, the step size which satisfies (32) might be so small that it is computationally more
efficient to accept a larger step size.

Explicitly, the directional derivative of H*? is replaced by the following simplified expression, linear in
dU (and dP, and dP):

H = KdU + C'dp, + C'dp,
where

ne

B ie ST ~ieRi€. ie rie
KZeéIE(B ) CopB W™,

and Ci; is the consistent elasto-plastic tangent modulus, obtained by differentiating the stress in (20) with
respect to strain. The result is (omitting Gauss point and element number), see Simo and Hughes (1998):

o _ ) R - 10T if Jls")l < 2K (),
v RIIT + 2B, (I — L117) — 2fip,aR™  otherwise,
where
2fiAy 2%
= 3 —(1-
ﬁl ||Str‘|7 /2 2ﬁ+%k ( ﬁl)?

and 1= [1,1,1,0]", & = [fug, Az, fizs, faga) ', s = [s%, 5%, 555, 5%5]", and 7 = diag[1, 1,1, 1]. Thus, for the non-
differentiable points where [|s"|| = |/2K(&), C, is simply put to the Hooke’s (elasticity) matrix.

Before presenting the approximations of H) and H], we note that the contact equations obviously only
depend on the displacements of the contact nodes, U,, and not on the displacements of the other nodes, U,.
It is therefore advantageous to eliminate dU, from the equation

H® (7, dZ) = —H™(Z"), (33)

by means of _static condergation, before determining (dU,,dPR,,dP,). First, we note that we may write
= C,U = C,U,, where C, € R™**"* is obtained from C, by deleting (zero) columns corresponding to
nodes not on the contact surface. Introducing the matrix C; in a similar manner, (33) may be written

KO,O Ko,c dUO O 0 _ ng
(b ko) (@) + (clan) = (cfan) =~ (G5 a4
Eliminating dU, from the above, results in

K.dU,+C,dP, + C, dP, = —F,, (35)

where
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Kc = Kc,c —-K! KilKo,ca

0,7 10,0

F. =H—K! K 'HS.

0,7 70,0 o
Once dU. has been calculated (see below), dU, is obtained as
dU, = =K} (HS® + K, dUL). (36)

Note that (34) is not to be interpreted literally; there is no need to partition the nodes with contact nodes

last. In fact, if a profile (skyline) solver (Felippa, 1975) is used to perform the condensation this would

increase the size of the profile with larger memory requirement and longer computing times as a result.
Returning to the simplified directional derivatives of the mappings H, and H,, we first let ?: denote row

m

m of C,, C, row m of Cy, and define the following sets:

1

Fo={mi PP+ (CIU - g <O},
S ={m: P+ (LU~ g") > O},

F =m0, [P <),
Fo={mi P> 0, (B > P,
H ={m:P<0},

where
P =P +r"(C U. — C/U,).

Let z. denote the tuple (U, Py, ;) and dz. the direction (dU,dP,,dP;). The simplified expression for
directional derivatives of the condensed equilibrium equations together with the contact equations reads

K.dU,+C, dP, + C, dP,
(dP"

n )ﬁefg
_p;’:Cn dUC)me.ﬁ>
t

(

(dP") e ; (37)
(_rmcl dUC)mng
[

dP" — psgn(P(rm))dPy],

H!(z¢;dz.)

where sgn(y) denotes the sign of y,i.e. +1if y > 0, —1if y < 0 and 0 if y = 0. We refer to Christensen et al.
(1998) and Christensen and Pang (1998) for the exact expressions of H, and H/. In every iteration, we solve
the following system of linear equations for (dU,, dPR,,dP,):

H!(z¢;dz.) = —H.(z.), (38)

where H,(z.) = [FC(zC),Hn(zc),Ht(zc)]T. The solvability of this equation (for the elastic case) is discussed in
Christensen and Pang (1998); if K, is positive definite and u is sufficiently small, then (38) has a unique
solution.

For convenience, we next summarize our algorithm to solve the discrete, time-incremental, elasto-plastic
frictional contact problem in pseudo-code. In the description of the radial return method, algorithm RR,
subscripts indicating the Gauss point number have been dropped, and Trw = wy; + wy + wi3. The com-
putation of the consistent tangent modulus C, is of course only performed prior to solving (38) in each
iteration, and not for every line search. In the description of the modified B-differentiable Newton method,
algorithm BNM, subscript / indicates the Gauss point number, of which there are n; in the whole finite
element mesh.
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Algorithm RR (radial return)

Element displacements U¢, & and € given.
Compute total strain:
e=BU®
Compute trial stress:
e=¢— %Tr el
st =2l (e — €°)
Check yield condition:
1= 1l - 2K @)
if /™ <0 then
0 =s" 4+ KkTrel

o=4a
e =€
Cep = RIIT +25(1 — 117)
else
Calculate flow parameter Ay:
_ fll'
7= 2tk
Calculate 7 and update the hardening parameter:
h= S
(Il

o=0a+ \@ Ay

Update plastic strain and stress:

e =€ + Ayl '

o =s"+&Trel — 2fiAyn

CalculateztkAle consistent elasto-plastic tangent modulus:
By =1-5

[ls™|
ﬁZ = Z;f%k - (1 - ﬁl)
Cop = RI1T + 2B i(1 — 1117 — 2B, an"
end if

Algorithm BNM (modified BN method)

Be(0,1),6e (0,3), & > 0 small, mpy,y, 2°, U, € and @, I = 1,...,n; given.
k=0
Get stresses for each Gauss point I:
o;(U*) = RR(U*, a;, &)
Calculate error:
O() =1H ()" H(Z)
where H is obtained from (30).
while ©(zF) > & do
Perform static condensation to the contact surface to obtain K, and F; in (35).
Solve the linear Newton equation (38) to obtain the direction dzt:
H(ze; dze) = —He(z.)
where H|(z.;dz.) and H.(z.) are given in (37), (38), (35), (28) and (29).
Get dU, from (36).
m=20
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Get stresses for displacement U* + dU* for each Gauss point I:
o;(U* + dU") = RR(U* + dU*, &, &)
Armijo line search: _
while Oz + p"dz*) > (1 —26B")O(ZF) & m<mpax do
m=m+1 ~
Get stresses for displacement yk + B"dU* for each Gauss point I:
o;(U* 4+ B"dU*) = RR(U* + B"dU*, a;, )

end while

A = g frd

k=k+1
end while
Update U, and & and &; for each Gauss point I, for next increment:
UC:UC E]p:é[p oy = oy

5. Numerical example

We have implemented algorithm BNM in our development code u Solve (Christensen, 2000), which is
written in modern Fortran 95. The geometry and loads are defined in our graphical Matlab pre-processor,
which produces an input file which is read by the Fortran program. Matlab is then automatically called
from within the Fortran program to produce plots as requested in the input file. The static condensation to
the contact surface in (35) is done using our own skyline solver routines, whereas the non-symmetric system
of linear equations in (38) is solved using LAPACK routines (Anderson et al., 1995). The time to perform
the static condensation in each iteration dominates the total computing time, so that (38) is solved directly
without further eliminating variables in order to reduce the size of the system actually solved, as was done
to good effect for elastic contact problems in our previous paper Christensen and Pang (1998).

The parameters of algorithm BNM are set as follows: The line search parameters are = 0.6 and
¢ = 0.2. In our treatments of elastic contact problems in Christensen et al. (1998) and Christensen and Pang
(1998), we used f = 0.9 and ¢ = 0.1, but these parameters are not well suited for elasto-plastic problems as
they give a large number of line searches, and, more seriously, often twice the number of iterations. In order
to prevent jamming of the algorithm, a maximum number of line searches is set to mp.x = 5, so that the
minimum step size becomes ™™ = 0.0778.

A guide line for choosing the parameters p, m = 1,. .., n., in the reformulation of Signorini’s law (28),
is to view p!' as a scaling factor between P = ["'p, and g" — E;" U.. For the example that follows below, the
maximum normal contact pressure p, is of the order 10°, and the maximum gap g" — al" U, is of the order
10-2. Thus, p” = 107" represents a good choice. For the approximation of integrals on the contact surface
in (24), we use the trapezoidal rule, so that

where f,, is the number of finite elements adjacent to contact node m, and /,,; is the length of the jth element
adjacent to contact node m. For our example the lengths of the contact elements vary with the fineness of
the mesh from 0.1 to 1 m. For simplicity we have used p” = 10°, m = 1, ..., n., and use the same value for
the parameters »” in the reformulation of Coulomb’s law (29): 7" = 10%, m = 1,.. ., n.. For the example we
have studied, p” and " may be varied within a wide range without significantly changing the number of
iterations (one should keep in mind, though, that the error norm used depends on these parameters, so that
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a direct performance comparison is not possible unless an error norm independent on these parameters is

used).
The starting point for the first increment of algorithm BNM is u = 0 except for the prescribed dis-
placements which are put to their respective prescribed value, P" =0 and P" =107, m =1,..., n.. The

reason for not putting P" = 0, is that this represents a non-differentiable point, although we would like to
stress that the performance of the algorithm would not be affected if P;' = 0 were chosen. For subsequent
increments, the starting point for increment j is set to the solution of increment j — 1. The termination
tolerance is & = 107!°, which represents a very severe stopping criterion.

5.1. Plugged sheet

In this example a sheet of dimension 36 x 20 m? with a circular hole of radius 5 m in the middle, is
subjected to a prescribed vertical displacement ¢ of the top and bottom boundaries of the sheet. Only a
quarter of the sheet is studied due to symmetry, see Fig. 2. This structure is divided into two regions, which
are both discretized by n x n elements, where n =4, 8, 16 or 32. The sheet is discretized by four-noded
bilinear finite elements with Young’s modulus 70 MPa and Poisson’s ratio 0.2, which implies that g = 29.17
MPa and & = 38.89 MPa. The B-matrices are calculated using the mean dilatation formulation (Hughes,
1987). Linear isotropic hardening with ¢, = 0.243 MPa and k& = 2.24 MPa in (10) is considered. The load
varies according to Fig. 2 during (a fictive) time 0 to 8 time units. The load is applied in 4 x inc increments,
where inc = 1, 2, 4, or 8. For the case n = 32, inc is also put to 16. The circular hole is initially completely
filled up by a rigid cylinder of radius 5 m, i.e. the initial gap, g” =0, m = 1, ..., n.. The friction coefficient is
u=20.0,0.3 or 0.9.

In Table 1, the average number of line searches, nls, per increment, as well as the average number of
iterations, nle, per increment are presented. As seen, for the frictionless case with n = 32 and inc = 1,
nle = 9.8 and nls = 8.0. In order to determine whether the contact equations or the plasticity equations are
the most difficult to satisfy, we put o, = 243 GPa, so that elastic behavior is obtained, which gives nle = 3.3
and nls = 0. If instead, we put g” = 0.1 m, m =1,..., n., so that no contact occurs, then nle = 7.8 and
nls = 7.8. As expected, o, = 243 GPa and g” = 0.1 m, gives nle = 1 and nls = 0. Since we have always
used the line search parameters § = 0.9 and 6 = 0.1 previously, for elastic contact problems, we present an
example illustrating their inefficiency for elasto-plastic problems. For p=0.9, n =32 and inc=1,
nle = 14.3 and nls = 15.0, cf. Table 1. If ﬁ =0.9 and 6 = 0.1 are used, then nle = 29.3 and nls = 237
(minimum step size in line search is put to 0.1). If we put g, = 243 GPa here (elastic behavior), then
nle = 7.3 and nls = 6.0 with our new parameters, and nle = 7.0 and nls = 15.0 with § =0.9 and ¢ = 0.1.

§ [m]

0.04

A/ 6 N\s

1@ MU © T © YU © MY © M © M © N © MM © Nl © NI © M © B 0}

1O N O N O )

Fig. 2. Geometry for the plugged-sheet problem.
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Table 1
Execution statistics
n inc u=20.0 w=203 w=09
nle nls nle nls nle nls

1 6.8 3.0 8.3 5.0 6.8 2.8

4 2 4.0 0.8 5.0 4.3 5.4 7.0
4 3.1 0.4 3.6 2.1 2.8 1.8
8 2.8 0.0 33 1.3 2.4 0.9
1 6.8 4.3 8.3 5.3 8.5 8.5

8 2 5.9 44 8.0 9.1 6.3 4.5
4 4.1 0.9 5.1 4.7 4.9 4.6
8 3.0 0.3 3.7 1.7 33 2.0
1 8.8 10.0 11.0 11.8 8.8 8.8

16 2 6.6 4.9 7.8 6.6 7.9 7.1
4 6.4 4.9 7.1 7.2 7.6 6.7
8 4.6 1.9 5.5 4.0 5.5 4.7
1 11.3 14.8 12.0 12.5 14.3 15.0
2 8.5 8.4 8.8 7.5 10.8 11.3

32 4 6.8 4.9 7.6 5.1 8.6 9.0
8 6.8 4.9 7.8 6.8 8.3 8.2
16 4.8 1.8 5.6 2.9 6.0 4.5

error

ig

14

|
16 18
iteration

. 3. Total error © (—), O (--+), O, (-—-), and O, (

20

22 24

) forn =28, inc =1 and u=0.3.

26

28

30

32

34



2338

P.W. Christensen | International Journal of Solids and Structures 39 (2002) 2323-2341

Thus, the two parameter settings give equal performance for elastic behavior. The variation of the error
during the iterations for ¢ = 0.3, n = 8 and inc = 1, is shown in Fig. 3. We have found it illustrative to
present not only the total error @, but also the error corresponding to the equilibrium equations @, the
error of the normal contact equations @,, and the error of the friction equations @,, where

10

[N/m?]

-5
0 2 4 6 8
s [m]
x 10* =6
15
N
\
. /"'
—_ /b
=5
0 2 4 6 8
s [m]

3 x 10° =2
2.5
2
o
E1s
Z
1
0.5
0
0 2
g x 10* =5
-
E
z
S
) (NS
-4
0 2 4 6 8
s [m]
10 x 10° =7
\
8 \
\
\
6 \
N’E \
z
4 6 8
s [m]

Fig. 4. Contact tractions for various instants in time for » = 32, inc = 16 and p = 0.3. Elasto-plastic case: (—): py; (- - -): p,. Elastic case:
(—): po; (——— ): p;. The coordinate s is defined in Fig. 2.
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0% = %HWTHW, O, = %HHTH,,, 0, = %HITHt.

As seen in the figure, the total error decreases in each iteration for a given increment. In fact, this is the-
oretically guaranteed provided no iterates end up at non-differentiable points. The contact tractions for
various instants in time are depicted in Fig. 4, for the case n = 32, inc = 16 and p = 0.3. In order to vi-
sualize the influence of elasto-plastic material behavior, the contact tractions obtained for the elastic case
with the same u are also presented. As the sheet is initially compressed, the time of first yield is t = 1.625,
which explains why there is no difference between the elastic and elasto-plastic curves for t = 1. At ¢ = 2 the
loading is reversed and the plastic flow stops. At ¢ = 4 the prescribed displacement is zero, and the gap is
positive at all contact nodes, and, thus, the contact tractions are zero. As the sheet is drawn out, plastic flow
starts again at ¢t = 5.25. At time ¢ = 6 the load is reversed again, and the flow stops. At time ¢ = 7.75, the
sheet loses contact with the cylinder. Note that the contact pressure for the elasto-plastic case looks very
different from the contact pressure for the elastic case for ¢+ = 7. In Fig. 5, the normal contact pressure for
t = 6 is shown. The same entity is plotted for the frictionless case. In Endahl (1985), a similar problem with
an infinite elasto-plastic sheet plugged with a smooth elasto-plastic cylinder made of the same material as
the sheet, is analyzed. Our plots for the frictionless case show much resemblance to the plots in Endahl
(1985, p. 43). In Figs. 6 and 7, the von Mises stress at full compression (¢ = 2) and full tension (¢ = 6) is
shown both for the elastic as well as the elasto-plastic case.

x 10* x 10

— . =7.375

— =75

oF — - =7.625 |
=6

p [N/m?]
Wi

p, N/m’]

I I 0 ) L I I I

s [m] s [m]

Fig. 5. Normal contact pressure for various instants in time for n = 32 and inc = 16. Left figure: u = 0; right figure: u = 0.3. The
coordinate s is defined in Fig. 2.



2340 P.W. Christensen | International Journal of Solids and Structures 39 (2002) 2323-2341

x10° 2107
4

3.5
3
1

05

Fig. 6. The von Mises stress in Pa at + = 2 (left) and ¢ = 6 (right) for n = 32, inc = 16, u = 0.3, and elastic behavior.
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Fig. 7. The von Mises stress in Pa at ¢ = 2 (left) and ¢ = 6 (right) for n = 32, inc = 16, u = 0.3, and elasto-plastic behavior.
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6. Conclusions

In this paper we have reformulated the two-dimensional, discrete, time-incremental, elasto-plastic fric-
tional contact problem as a set of unconstrained semi-smooth equations. A damped Newton method with
proven global convergence properties for solving these equations is presented. In our implementation, a
slight modification of this method is used, where simplifications regarding iterates at non-differentiable
points are performed. This modified Newton method shows excellent performance and robustness. Three-
dimensional problems can be handled by the same method; see Christensen et al. (1998) and Christensen
and Pang (1998) for a semi-smooth reformulation of the constitutive laws of frictional contact in the three-
dimensional case.

Finally, we point out that our semi-smooth Newton method with its line search (which is different from
the ones usually used in finite element programs) obviously can be used for elasto-plastic problems not
involving contact as well.
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